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ABSTRACT 
The main objectives of this thesis are to estimate Mg isotopic compositions of the Moon 
and achondrites, to understand the behavior of Mg isotopes during magmatic differentiation 
processes in different planetary bodies, and to evaluate the extent of Mg isotopic heterogeneity in 
the solar system. In order to achieve these goals, Mg isotopes have been measured for 47 well-
characterized lunar samples and 22 differentiated meteorites by MC-ICPMS. The limited Mg 
isotopic variations among mare and highland regolith, mare breccias, and highland impact-melt 
rocks reflect negligible Mg isotope fractionation during lunar surface processes (e.g. solar wind, 
cosmic rays, micrometeorite bombardments, meteorite impacts, etc.). However, the significant 
Mg isotopic variation (~0.628 ‰ for δ26Mg) between high- and low-Ti basalts suggests the 
source heterogeneity produced during the lunar magmatic differentiation. High abundance of 
ilmenite with lighter Mg isotopic composition than coexisting olivine and pyroxene may cause 
lighter Mg isotopic composition of high-Ti basalts. The δ26Mg values of differentiated 
meteorites, including 7 types of achondrites and pallasites, range from -0.318 ‰ to -0.183 ‰. 
The significant variation of Mg isotopic compositions of these meteorites versus their major 
chemical compositions suggests that the isotopic variation in achondrites is caused by different 
mineralogical sources produced during the magmatic differentiation of their parent bodies. 
Overall, the average Mg isotopic compositions of the Moon (δ26Mg = 0.259 ± 0.162 ‰) and 
achondrites (δ26Mg = -0.260 ± 0.046 ‰) estimated in this study are identical to those of the Earth 
(δ26Mg = -0.25 ± 0.07 ‰) and chondrites (δ26Mg = -0.28 ± 0.06 ‰), indicating a homogeneous 
Mg isotopic distribution in the solar system. Magnesium is a moderately refractory element, and 
unlike Fe and Si cannot be fractionated during the planetary core formation. Therefore, 
homogeneous distribution of its stables isotopes implies the lack of the separation and sorting of 
chondrules objects in protoplanetary disk during the solar system formation. It also suggests 
negligible Mg isotopic fractionation by volatilization during the Moon-forming giant impact. 
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 1 
I. INTRODUCTION 
 The measurement and interpretation of isotopic variations have been a powerful source 
for the study of geological and cosmological processes in the solar system (Faure and Mensing, 
2005). Two different processes can result in isotopic variations of certain elements: (1) 
radioactive decay of one element to form stable isotopes of other elements and accumulate the 
radiogenic daughter atoms in the materials in which they were formed; (2) the depletion or 
enrichment of one st    able atom of elements during physiochemical processes (Faure and 
Mensing, 2005). This dissertation examines Mg stable isotopic variations caused by 
physiochemical processes in extraterrestrial samples including lunar samples and achondrite 
meteorites to learn more about their origin and evolution in the solar system. This introductory 
chapter provides an overview of stable isotope geochemistry, in detail Mg isotopes systematic 
with a literature review of the distribution of Mg isotopes in the solar system. It also reviews 
the main objectives of this study with overviews of the following chapters. 
 
A. Stable isotope geochemistry in study of the origin and evolution of the solar system 
 Stable isotope geochemistry has provided scientists a unique tool to study the origin 
and evolution of planetary systems. Variations of stable isotopes can record the solar system 
birth environment in presolar grains and the solar nebula evolution in the calcium-aluminum 
inclusions (CAIs) and chondrules (e.g., Clayton et al., 1973; Amari et al., 2001). It also can 
shed light on understanding the physicochemical processes leading to the formation of planets 
(e.g., Esat and Taylor, 1999; Wiechert et al., 2001; Georg et al., 2007). In addition, stable 
isotopes have been useful to constrain the post accretion and magmatic processes of the rocky 
planets (e.g., Wiechert et al., 2004; Poitrasson, 2007; Teng et al., 2007, 2008; Wiechert and 
Halliday, 2007).  
 2 
 For example, the study of isotopic systematics of the Earth-Moon system has been one 
of the greatest geochemical interests over the past decades, which can potentially provide 
insight into the origin of the Moon and planetary formation, and the chemical and isotopic 
heterogeneities of the solar system. The most prevailing theory for the origin of the Moon is 
the giant impact theory (Hartmann and Davis, 1975; Cameron and Ward, 1976). This theory 
proposes the formation of the Moon from the components produced in a collision between the 
proto-Earth and a Mars-sized object called Theia. On the basis of dynamic simulations, this 
theory suggests the Moon should be largely derived from Theia, which was formed between 
Mars and Jupiter (Canup and Asphaug, 2001; Canup, 2004a, b). Since the distribution of O 
isotopes in solar system is extremely heterogeneous (Fig. 1.1) (Clayton, 2003; Mittlefehldt et 
al., 2008), the oxygen isotopic composition of the Moon is expected to be different from that 
of the Earth. Nevertheless, the Moon and the Earth have identical oxygen isotopic composition 
(e.g., Wiechert et al., 2001; Hallis et al., 2010; Liu Y. et al., 2010). To explain this similarity, 
Pahlevan and Stevenson (2007) have proposed formation of a vapour disk over the giant 
impact, in which all atoms were mixed by a vigorous stirring over the time required for 
cooling and condensing of the lunar components. However, it is still unclear whether all 
isotopic systems would have been efficiently mixed because the mixing is related to 
volatilization of the elements. 
For many years, only light elements such as H, O, C, and S were of interest in stable 
isotope geochemistry. The relative large mass differences between the isotopes of these 
elements and the high abundance of their rare isotopes enable their isotopic analyses. Since the 
isotope fractionation between two phases scales with Δm/m2 (Δm = difference between 
masses; m = the average atomic mass of the element), the measurement of isotope 
fractionation for heavier elements such as Li, Mg, Si, Ca, Cr and Fe in natural system was 
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hampered for many years (Rumble III et al., 2011). However, with the advent of analytical 
instruments with higher sensitivity and precision, geochemists have been able to study the 
small stable isotopic variations of these heavier elements as well. Compared to the lighter 
elements (e.g., H and O), these elements are involved in different chemical and physical 
reactions. Therefore, they can provide insight into the large variety of planetary processes 
(Rumble III et al., 2011).  
 
 
 
 
 
Figure 1.1. Oxygen three-isotope plot (δ17O vs. δ18O) of the terrestrial samples, Mars, 
the Moon, Howardite-Eucrite-Diogenite (HED) meteorites, and some of chondrite groups (CM 
and CV). Modified from data in Clayton (2003) and Mittlefehldt et al. (2008). 
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B. Magnesium stable isotope systematics 
 Magnesium, one of the major elements in the solar system, is a lithophile and 
moderately refractory element with a condensation temperature of ~1400 K (Lewis, 1997; 
Lodders, 2003). It has three stable isotopes: 
24
Mg, 
25
Mg, and 
26
Mg with natural abundances of 
78.99%, 10.00%, and 11.01% in the Earth, respectively (Rosman and Taylor, 1998). These 
isotopes are mainly produced by nucleosynthesis in intermediate-massive and massive stars. 
20
Ne nuclei, products of C burning, are the major producer of 
24
Mg by capturing α (4He) 
particle. 
24
Mg is also produced by 
12
C(
12C, γ)24Mg reaction, where γ is a photon, and the first 
and second particles in the parenthesis indicate the particle used and produced on the left and 
right side of the reaction, respectively. 
25
Mg and 
26
Mg are produced during the helium burning 
phase of a star in 
22Ne(α, n)25Mg and 22Ne(α, γ)26Mg reactions, respectively, where n stands 
for neutron (Truran and Hegar, 2003). Radiogenic 
26Mg isotope is also produced by β+ decay 
of 
26
Al (t1/2 = 0.72 Ma) that injected into the growing solar system from a nearby star (Lee et 
al., 1976, 1977). This radiogenic 
26
Mg isotope can cause non-mass-dependent anomalies in the 
objects formed in the early solar system (e.g., Lee et al., 1976, 1977; Jacobsen et al., 2008). In 
addition, the large (8%) relative mass difference between 
24
Mg and 
26
Mg can potentially 
produce large Mg stable isotopic fractionation at low and high temperatures (e.g., Young and 
Galy, 2004). Hence, these characteristics make Mg isotopes an excellent tool to study the 
geological and cosmological processes (e.g., Young and Galy, 2004). 
 
1. Nomenclature  
 The precision measurements of relative differences in isotopic ratios are much higher 
than those of absolute isotopic ratios. Hence, in general, the deviation of an isotopic ratio in 
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the sample relative to the same isotopic ratio in a standard is used to report isotopic data and 
shown by delta notation (δ). In Mg isotope systematic, the definitions of δ25Mg and δ26Mg are: 
δxMg = [((xMg/24Mg)sample/(
x
Mg/
24
Mg)DSM3)-1]×1000 
where x is either 25 or 26, and DSM3 is the Mg solution made from pure Mg metal (Galy et 
al., 2003).  
 Magnesium number (Mg#) which is an indicator of magmatic differentiation of 
planetary bodies is the molar ratio Mg/(Mg + Fe) and defined as Mg# = 100 × MgO/(MgO + 
FeO). 
 
2. Mechanisms of Mg isotope fractionation in nature  
 Magnesium mass-dependent isotope fractionation can be caused by both kinetic and 
equilibrium reactions (e.g., Young and Galy, 2004, Young et al., 2009; Dauphas et al., 2010; 
Liu S.-A. et al., 2010, 2011; Teng et al., 2011). Theoretical studies indicate that the 
equilibrium isotope fractionation is temperature-dependent with a decrease in the magnitude of 
isotope fractionation by increasing the temperature (e.g., Urey, 1947). In addition, theoretical 
and experimental studies of stable isotopes of elements (e.g., O, Fe, and Cr) reveal a strong 
correlation between equilibrium fractionation factors and internal structural properties of 
minerals, such as coordination number, average metal-oxygen bond lengths, and oxidation 
state (e.g., Zheng, 1993; Polyakov, 1997; Schauble, 2004). Magnesium isotopic analyses of the 
mineral separated from terrestrial igneous rocks also indicate a significant equilibrium inter-
mineral Mg isotope fractionation at high temperature, resulting from different coordination 
numbers (CNs) of Mg in those minerals (e.g., Young et al., 2009; Liu S.-A. et al., 2010, 2011; 
Li et al. 2011). In general, lower CN causes stronger bonds that favor heavy isotopes (e.g., 
Urey, 1947; Chacko et al., 2001). Hence, a mineral such as spinel with lower CN of Mg (CN = 
 6 
4) is typically enriched in heavy Mg isotopes compared to the ones with higher CN of Mg such 
as olivine (CN = 6) and garnet (CN = 8) (e.g., Young et al., 2009, Liu S.-A. et al., 2010, 2011). 
The coordination circumstances of oxygen bonded to Mg can also cause a small Mg isotope 
fractionation by affecting the bond strength in the minerals with identical CN of Mg (e.g., Liu 
S.-A. et al., 2010). For example, different coordinations of oxygen bonded to Mg with CN of 6 
in silicate minerals affect the average Mg-O bond strength and can cause a small Mg isotope 
fractionation between these minerals (e.g., Liu S.-A. et al., 2010, 2011). The strong correlation 
of Mg isotope fractionation with CN of Mg between tetrahedral and octahedral sites of 
silicates in natural samples agrees well with the theoretical calculation (Schauble, 2011). 
As shown by experimental and theoretical studies, a large kinetic Mg isotope 
fractionation can also happen during the chemical and thermal diffusion in silicate melt at high 
temperature (Richter et al., 2008, 2009a, b; Huang et al., 2009b; Dauphas et al., 2010). Within 
thermal diffusion, all studied elements plus Magnesium have shown large isotopic 
fractionation with the enrichment of heavy and light isotopes at the cold and hot ends of a 
thermal gradient, respectively (Richter et al., 2008, 2009a, b; Huang et al., 2009b). Richter et 
al. (2008, 2009a, b) suggested a δ26Mg variation over 8‰ in molten basalts for a temperature 
gradient of ~160 
o
C. Richter et al. (1999, 2003, 2008) also showed a measurable isotope 
fractionation of Ca, Li, Mg and Fe isotopes between basalt and rhyolite as chemical diffusion, 
in which lighter isotopes diffuse faster than heavier ones. The studies of natural samples also 
reflect a significant Mg isotope fractionations by thermal diffusion in CAIs and chondrules 
(e.g., Davis et al., 1990; Galy et al., 2000) and by Mg-Fe inter diffusion in zooned olivines 
(Dauphas et al. 2010; Teng et al., 2011). 
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3. Magnesium isotopic distribution in the solar system 
 Magnesium isotopes have been used as tracers in artificially spiked systems, in which 
the abundance of one isotope is enriched (Cary et al., 1990; Dombovari et al., 2000). However, 
the reliability of the measurement of 
25
Mg/
24
Mg and 
26
Mg/
24
Mg in natural systems has been 
limited due to the large instrumental mass fractionation (~1 ‰) (Young and Galy, 2004). Due 
to this limitation, for many years, Mg isotopic studies had focused either on the non-mass-
dependent anomalies of trace radiogenic 
26
Mg produced by the decay of 
26
Al (Lee, 1976, 1977; 
Gray and Compston, 1974) or the large mass-dependent fractionation during the evaporation 
(Davis et al., 1990; Goswami et al., 1994; Russell et al., 1998; Richter et al., 2002). The advent 
of multiple-collector inductively coupled plasma mass spectroscopy (MC-ICP-MS) improved 
the precision of the measurement of Mg isotope ratios in solution (Galy et al., 2001) and made 
this isotope system useful to study the geochemical and cosmochemical processes in the solar 
system.  
 The early studies of Mg stable isotopes in the solar system indicated Mg mass-
dependent isotope fractionation in chondrules and calcium-aluminum-rich inclusions (CAIs) as 
the oldest objects in the solar system (Davis et al., 1990; Richter et al., 2002, Young et al., 
2002). Chondrules and CAIs are mm-size rounded and irregular igneous objects found in the 
chondrite meteorites, respectively (Galy et al., 2000; Shu et al., 2001). The rapid cooling of 
molten or partially molten droplets in the solar nebula formed these objects before they were 
accreted into the chondritic meteorites (Galy et al., 2000; Shu et al., 2001). In situ analysis of 
chondrules and CAIs from the Allende meteorite suggested the enrichment of the heavy Mg 
isotopes (up to 1.5 ‰ in chondrules and 3 ‰ in CAIs) as a result of the aqueous alteration 
(Young et al., 2002). The other theoretical and experimental studies on these small planetary 
objects argued that the heavier Mg isotopic composition of the chondrules and CAIs relative to 
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chondrites is a result of the non-equilibrium Mg isotope fractionation by evaporation processes 
during their formation at high temperature around the young sun (Davis et al., 1990; Galy et 
al., 2000; Richter et al., 2002).  
 Chondrites, containing chondrules and CAIs, are the most primitive meteorites. 
Chemical and isotopic studies of these meteorites shed light on understanding of the solar 
nebula conditions and proto-planetary disc processes (Scott and Kort, 2003). For example, 
significant mass-independent fractionation of Ti isotopes in these meteorites reflects the lack 
of perfect mixing of pre-solar materials on a planetesimal scale in the solar system (Trinquier 
et al., 2009). Significant variation of Li isotopes in chondrites also suggests isotope 
fractionation caused either by aqueous alteration and thermal metamorphism of their parent 
bodies or by irradiation processes in the proto-solar nebula (McDonough, 2003; Seitz et al., 
2007). In the early studies of Mg stable isotopes based on a limited number of chondrites, 
significant variations (up to 0.5 ‰) for δ26Mg were observed among different types of 
chondrites reported by different groups (Young and Galy, 2004; Baker et al., 2005; Teng et al., 
2007; Wiechert and Halliday, 2007; Yang et al., 2009; Young et al., 2009). However, the most 
recent comprehensive data for all different types of chondrites from Teng et al. (2010) (38 
chondrites) and Schiller et al. (2010) (18 chondrites) suggested limited Mg isotopic variations 
among these meteorites. The homogeneity of Mg isotopes in chondrites reflects the lack of Mg 
isotope fractionation in proto-solar nebula and processes forming parent bodies of the 
chondrites. The average δ26Mg values of chondrites reported by these groups are -0.28 ± 0.06 
‰, 2SD (Teng et al., 2010) and -0.304 ± 0.06 ‰, 2SD (Schiller et al., 2010). 
 There have been debates about the chondritic Mg isotopic composition of the Earth, 
and the possibility of any significant Mg isotope fractionation at mantle temperature (Young 
and Galy, 2004; Norman et al., 2006; Pearson et al., 2006; Teng et al., 2007; Handler et al., 
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2009; Huang et al., 2009a; Wiechert and Halliday, 2007; Yang et al., 2009; Young et al., 
2009). Pearson et al. (2006) reported a large Mg isotope fractionation (>2 ‰) within the 
olivines in mantle-derived peridotite xenoliths and megacrystals indicating the potential of Mg 
isotope fractionation at high temperature in terrestrial magmatic evolution. Mg isotopic 
analysis of chondrites and terrestrial rocks reported in Wiechert and Halliday (2007) also 
suggested a heavy Mg isotopic composition for the Earth (0.0 ‰) compared to the chondrites 
(with δ26Mg ranging from -0.49 ‰ to -0.24 ‰ for 9 chondrites). This non-chondritic Mg 
isotopic composition of the Earth is interpreted as a result of the relative contribution of 
chondrules objects into the formation of the terrestrial planets, and a physical separation and 
sorting of these objects in proto-planetary disk (Wiechert and Halliday, 2007). Using the laser 
ablation MC-ICPMS and analyzing mantle olivines and carbonaceous chondrites, Young et al. 
(2009) also reported a heavy non-chondritic Mg isotopic composition for the Earth. They also 
reported significant inter-mineral Mg isotope fractionation in the mantle xenoliths. 
 By contrast, other studies of terrestrial mantle rocks and minerals, together with 
chondrites suggested a small variation of Mg isotopes at mantle temperature and a chondritic 
Mg isotopic composition for the Earth (Norman et al., 2006; Teng et al., 2007; Yang et al., 
2009; Huang et al, 2009a; Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010; Schiller et 
al., 2010; Teng et al., 2010; Pogge von Strandmann et al., 2011). For example, the study of 
basaltic rocks from Kilauea Iki lava lake, Hawaii, which were produced by closed-system 
crystal-melt fractionation, suggested negligible Mg isotopic fractionation during magmatic 
differentiation at high temperatures (Teng et al., 2007). In this study, Teng et al. (2007) 
reported similar Mg isotopic composition (~δ26Mg = 0.36 ± 0.1 ‰) for these basalt samples, 
two continental basalts, and two primitive carbonaceous chondrites. In contrast to the result 
reported in Young et al. (2009), the study of Mg isotopes in olivine and coexisting pyroxene 
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from different locations by Handler et al., (2009) also suggested a limited inter-mineral Mg 
isotope fractionation and a chondritic Mg isotopic composition for the upper mantle. 
Magnesium isotopic analyses of more igneous geostandard rocks (peridotite, basalt, andesite 
and granite) by Huang et al. (2009a) and mantle peridotite xenoliths from the North China 
craton (with different chemical composition, mineralogy, and degree of partial melting) by 
Yang et al., (2009) also suggested a limited Mg isotope fractionation at high temperature and 
supported the chondritic Mg isotopic composition of the Earth. Bourdon et al. (2010) 
measured Mg isotopic compositions of peridotites, ocean island and mid-ocean ridge basalts, 
and several chondrites. With the uncertainty of ±0.1 ‰ (2SD), they reported negligible 
variation for the Mg isotope ratios of these samples, reflecting the similar homogeneous 
reservoir for the bulk silicate Earth and chondrites with δ26Mg of -0.23 ‰ (Bourdon, et al., 
2010). The comprehensive study of chondrites including all major chondrite classes by 
Schiller et al. (2010), also revealed the average δ26Mg value of -0.304 ‰ for the chondrites, 
indistinguishable from that of the Earth‟s mantle (Handler et al., 2009; Yang et al. 2009, 
Bourdon et al., 2010). Based on the most comprehensive database (47 mid-ocean ridge basalts 
covering global major ridge segments, 63 ocean island basalts from Hawaii and French 
Polynesia, 29 peridotite xenoliths form Australia, China, France, Tanzania, and USA, and 38 
chondrites including 9 chondrite groups), Teng et al., (2010) estimated the average δ26Mg 
value of -0.25 ± 0.07 ‰ (2SD) for Mg isotopic composition of the Earth‟s mantle which is 
identical to that of chondrites (δ26Mg = 0.28 ± 0.06 ‰, 2SD). Chakrabarti and Jacobsen (2010) 
also measured Mg isotope ratios of 14 primitive and differentiated meteorites, and few lunar 
basalts and breccia samples, terrestrial basalts, dunite, and peridotites. Although δ26Mg values 
reported by this group are generally lighter than those from other studies (Teng et al., 2007; 
Wiechert and Halliday, 2007; Handler et al., 2009; Huang et al., 2009 Yang et al., 2009; 
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Young et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Teng et al., 2010; Pogge von 
Strandmann et al., 2011), their results also revealed a homogeneous Mg isotopic composition 
for the inner solar system with the average δ26Mg value of -0.535 ‰ (Chakrabarti and 
Jacobsen, 2010). Finally, Mg isotopic analyses of 33 ultramafic xenoliths and about 20 
chondrites by Pogge von Strandmann et al. (2011) suggested an average δ26Mg value of -0.21 
± 0.07 ‰ for the Earth that is overlapped with the average Mg isotopic composition of 
chondrites (δ26Mg = -0.27 ± 0.12 ‰) (Pogge von Strandmann et al., 2011). Overall, these most 
recent comprehensive studies (Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010; Schiller 
et al., 2010; Teng et al., 2010; Pogge von Strandmann et al., 2011) have suggested the Earth 
and chondrites have identical Mg isotopic compositions.  
In most studies of Mg stable isotope systematics, Mg isotopic composition of at least 
one seawater sample as another major reservoir for Mg element in solar system has been 
measured (e.g., Young and Galy, 2004; Tipper et al., 2010; Li et al., 2010; Foster et al., 2010). 
Although, Mg content of seawater is controlled by many variables such as river water, ground 
water, carbonate precipitation, oceanic hydrothermal interactions, etc. (e.g., Wilkinson and 
Algeo, 1989; Berner and Berner, 1996; Elderfield and Schultz, 1996; de Villiers et al., 2005), 
Mg isotopic composition of seawater is homogeneous. The most comprehensive data from our 
laboratory compiling with data from literatures resulted the average δ26Mg value of -0.832 ‰ 
for the worldwide seawater samples (Ling et al., 2011). 
 
C. Objectives  
 The chemical heterogeneity and differences between differentiated objects and 
chondrites in volatile element resources, in others such as Mg/Si, Mg/Fe, and refractory 
element contents, and the origin of these heterogeneities have not been well-clear yet. The core 
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formation and disk-related mechanisms are the most widely considered planetary mechanisms 
for these heterogeneities. However, the extent to which the disk material originating terrestrial 
planets and asteroids was uniform and similar to chondrites is not well-resolved. In addition, 
accepting the giant impact theory, isotopic composition of the Moon should be different from 
that of the Earth. However, the stable isotopic compositions of most elements (e.g., O, Si, Li) 
of lunar samples are similar to those of the Earth (e.g., Magna et al., 2006; Spicuzza et al., 
2007; Fitoussi et al., 2009, 2010; Armytage et al., 2010; Liu et al., 2010). The 
indistinguishable isotopic composition of the Earth and Moon for these elements with different 
volatilities could resulted from the equilibrium in the vapour cloud formed after mixing of the 
proto-Earth‟s and Theia‟s mantle (Pahlevan and Stevenson, 2007). 
Although the Moon and Earth have identical isotopic composition of some elements 
(e.g., O, Li, Si), a recent study of zinc isotopes indicates that the Zn isotopic composition of 
the Moon is heavier than the chondritic Zn isotopic compositions of the Earth and Mars 
(Paniello et al., 2012). The heavier Zn isotopic composition of the Moon is suggested as a 
result of the volatilization of Zn in the Moon by the heat produced during the Moon-forming 
giant impact (Paniello et al., 2012). Iron isotopic compositions of the Earth, the Moon, and 
inner solar system bodies, and their chondritic origin are also debated (Poitrasson et al., 2004, 
2007, Weyer et al., 2005, 2007; Beard and Johnson, 2007; Teng et al., 2008; Dauphas et al., 
2009; Liu et al., 2010). Fe isotopic composition of the Moon might be ~0.1 ‰ heavier than the 
Earth with a non-chondritic Fe isotopic composition (~0.1 ‰) (Poitrasson et al., 2004, 2007, 
Weyer et al., 2005, 2007). There is also an argument whether the non chondritic Fe isotopic 
composition of the Moon and Earth resulted from partial vaporization during the planetary 
accretion, or it is caused by planetary differentiation processes (e.g., partial melting, and 
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silicate-metal segregation and planetary core formation) (Poitrasson et al., 2004, 2007, Weyer 
et al., 2005, 2007; Beard and Johnson, 2007).  
Magnesium is a moderately refractory and major element in the solar system (Lodders, 
2003). The volatility of Mg is similar to that of Fe and Si, higher than that of refractory 
elements such as Ca, and lower than that of moderately volatile elements such as Li and Zn. 
Isotopic studies of Zn and Li isotopes with condensation temperature of ~700 K and 1140 K, 
respectively, indicate that the Moon has a heavier Zn isotopic composition than the Earth but 
similar Li isotopic composition (Magna et al., 2006; Paniello et al., 2012). On the other hand, 
the non-chondritic heavier Fe and Si isotopic compositions of the Earth and the Moon in the 
solar system are suggested as results of equilibrium Fe and Si isotope fractionation during the 
planetary core formation (e.g., Weyer et al., 2005, 2007; Fitoussi, 2009). The volatility of Mg 
is higher than Li that does not show the isotopic fractionation by volatilization during the 
impact event, and Mg does not dissolve into the metallic core. Hence, if Mg isotopes are 
heterogeneous in the inner solar system, neither volatilization nor metal-silicate segregation 
during the core formation can explain the isotopic heterogeneity. If there is Mg isotope 
heterogeneity in the solar system, it must be the result of the physical separation and sorting of 
the chondrules and CAIs in proto-planetary disk (Wiechert and Halliday, 2007). 
 While it is well established now that the Earth has a homogeneous chondritic Mg 
isotopic composition, little is known about the Mg isotopic compositions of other 
differentiated planetary bodies such as Mars, the Moon and asteroids. Hence, the first objective 
of this dissertation is to estimate the Mg isotopic compositions of the Moon, and achondrite 
meteorites with asteroidal origin. The second is to investigate the behavior of Mg isotopes 
during differentiation of the planetary bodies under different conditions. The third objective is 
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to evaluate whether these planetary bodies have chondritic isotopic compositions or not and 
whether the Mg isotopes are distributed homogeneously in the solar system.  
 Chapter two reports the analytical methods used to measure the Mg isotope ratios of 
the samples studied in this dissertation. This chapter includes the procedures for the sample 
dissolution, column chemistry, and instrumental analysis based on the pervious established 
methods by Teng et al. (2007, 2010a, b; 2011), Yang et al. (2009, 2012), Dauphas et al. 
(2010), Li et al. (2010, 2011), Liu S. A. et al. (2010, 2011), Ling et al. (2011), Huang et al. 
(2012), and Wang et al. (2012). This chapter also reports the Mg isotopic study of seawater 
samples from the Gulf of Mexico and the southwest Hawaii, based on a collaborative work I 
have done in this laboratory. This work was published as an article entitled “Homogeneous 
magnesium isotopic composition of seawater: an excellent geostandard for Mg isotope 
analysis” in Rapid Communication in Mass Spectrometry (Ling et al., 2011), on which I am a 
second author. 
 Chapter three reports the Mg isotopic composition of the Moon by analyses of lunar 
samples including mare basalts, highland rocks, mare breccias, and mare and highland regolith 
samples. Magnesium isotopic compositions of the highland melts, lunar breccias, and lunar 
regolith samples analyzed in this study are within the analytical uncertainty (±0.09‰; 2SD), 
suggesting a limited Mg isotope fractionation by lunar surface processes. The average δ26Mg 
value of high-Ti basalts is lighter than that of low-Ti basalts reflecting their distinct cumulate 
sources produced during the magmatic differentiation of the lunar magma ocean. The similar 
Mg isotopic composition of the Moon estimated in this study to those of the Earth and 
chondrites reflect the homogeneity of Mg stable isotopes in the solar system and the lack of 
Mg isotope fractionation in the formation of the Earth-Moon system. This work has been 
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submitted to Geochimica Cosmochimica Acta as an article titled “Mg isotopic composition of 
the Moon”. 
 Chapter four examines the Mg isotopic compositions of differentiated meteorites 
including 7 types of achondrites and pallasites to evaluate the behavior of Mg isotopes during 
the differentiation of their parent bodies and constrain the Mg isotope heterogeneity of the 
solar system. The δ26Mg values of all these samples range from -0.318 ‰ to -0.183 ‰. The 
correlation between Mg isotope ratios of these meteorites and their major composition reflects 
that the Mg isotopic variation is likely caused by their mineralogical differences. The average 
Mg isotopic composition of achondrites is indistinguishable from those of chondrites, the 
Earth, and the Moon measured in Isotope Laboratory of the University of Arkansas at 
Fayetteville. These similar chondritic Mg isotopic compositions of achondrites, the Moon, and 
the Earth further support the homogeneity of Mg isotopes in the solar system. This work is in 
preparation for submission to Geochimica Cosmochimica Acta as an article titled “Mg isotopic 
composition of achondrites”. 
 Chapter five includes conclusion of this dissertation.  
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II. ANALYTICAl METHODS 
 Magnesium isotopic analyses were performed at the Isotope Laboratory of the 
University of Arkansas at Fayetteville. The methods including the sample dissolution, column 
chemistry, and instrumental analysis followed the procedures established by Teng et al. (2007, 
2010a, b; 2011), Yang et al. (2009, 2012), Dauphas et al. (2010), Li et al. (2010, 2011), Liu et 
al. (2010, 2011), Ling et al. (2011), Huang et al. (2012), and Wang et al. (2012). 
 
A. Sample preparation and dissolution 
 Samples are introduced into the multi-collector inductively coupled plasma mass 
spectrometer (MC-ICPMS) as liquid. Therefore, a dissolution step must be performed before 
the instrumental analysis. Sample dissolution was done in a class 10,000 clean laboratory with 
class 100 laminar flow and exhaust hoods. Preparation of the meteorite powders from the 
whole rocks was done in a separate room from the clean laboratory. The rock samples were 
grained and mixed homogeneously in an agate mortar with an agate pestle.  
Optima grade acids (hydrofluoric (HF), hydrochloric (HCl), and nitric (HNO3) acids) 
and Milli-Q
®
 water with a resistivity of 18.2 MΩ.cm were used throughout the chemical 
dissolution procedures. Approximately 1-10 mg of each sample, based on the Mg 
concentration, was dissolved in order to obtain ~50 μg Mg for high precision isotopic analysis. 
These samples were dissolved in a mixture of concentrated HF-HNO3 (~3:1) (v/v) in Savillex 
screw-top beakers and heated overnight at a temperature of ~160 
o
C on a hot plate in an 
exhaust hood. The sample solutions were then dried at 120 
o
C. To achieve 100% dissolution, 
the dried samples were dissolved in a mixture of HCl-HNO3 (~3:1) (v/v) and heated at a 
temperature of 160 
o
C for 1-2 days. After evaporation of the solutions into dry substances, the 
samples were refluxed with concentrated HCl (For Ti removal column chemistry) or HNO3 
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(for Mg main column chemistry) and then evaporated to dryness again. The dried residues 
were finally dissolved in a mixture of 1 N HCl–0.5 N HF or 1 N HNO3 for Ti removal column 
chemistry and Mg main column chemistry, respectively. 
 
B. Column chemistry  
 Previous studies of Mg stable isotopes have shown that matrix elements can induce 
instrumental mass dependent fractionation in MC-ICPMS (Galy et al., 2001). This matrix 
effect can be spectral or non-spectral effect. Spectral or isobaric effects of matrix include 
molecular interferences such as C2
+
, C2H
+
, CN
+
,C2H2
+
, and NaH
+
 or double charge 
interferences such as 
48
Ca
2+
, 
48
Ti
2+
, 
50
Ti
2+
, 
50
Ti
2+
, 
50
V
2+
, 
50
Cr
2+
, and 
52
Cr
2+
. The presence of 
matrix elements such as Al and Fe can also change the sensitivity of the analyte and cause 
instrumental mass bias as a non-spectral effect (Carlson et al. 2001, Galy et al., 2001). An 
increase in the concentration of the matrix elements decreases the sensitivity and increases the 
chemical bias (Galy et al., 2001). All these matrix effects indicate the necessity of an efficient 
chemical separation before introducing the sample solution into the MC-ICPMS.  
 Ion exchange chromatography has been used to purify Mg solution, in which metallic 
ions are separated based on the differences in the affinity of resin for different ions. A resin is 
an ionic polymer that has exchangeable ions on the polymer chain. The selectivity of the ions 
by specific resin is based on the charge density (ionic charge/volume of the hydrated ion) and 
specific condition of the solution (e.g., PH of eluent). In general, the ion exchange resins are 
classified into a) cation exchange resins with negative functional groups that exchanges 
positive ions with the eluent solution, and b) anion exchange resins with positive functional 
groups that exchanges negative ions with the eluent solution (Walton and Rocklin, 1990). 
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Two different cation exchange resins, AG50W-X12, and AG50W-X8, with different 
concentrations of HCl or HNO3 as eluents have been used for Mg purification of the natural 
samples (e.g., Chang et al., 2003; Teng et al., 2007, 2010a, b; Wiechert and Halliday, 2007, 
Handler et al., 2009; Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010; Schiller et al., 
2010; Pogge von Strandmann et al., 2011). Since the ion exchange chromatography can 
produce a mass-dependent fractionation, a 100% quantitative yield of Mg separation is 
essential (Chang et al., 2003; Teng et al., 2007). A comparative study of HNO3- and HCl-
based purification of Mg using AG50W-X12 resin suggested that Fe is removed more 
efficiently by applying an initial anionic resin step (using AG1 X8 resin, Pogge Von 
Strandmann et al. (2011) or AG1 X4, Handler et al. (2009)) in HCl-based method, while the 
other matrix elements are removed more effectively in HNO3-based method (Pogge Von 
Strandmann et al., 2011). Nevertheless this study indicated that both procedures are well-
sufficient to remove matrix elements (Pogge Von Strandmann et al., 2011). The HNO3-based 
purification of Mg using AG50W-X8 resin eliminated the initial anionic resin step for 
removing Fe (Teng et al., 2007, 2010a, b; Yang et al., 2009; Li et al., 2010, 2011; liu et al., 
2010, 2011). 
 A cation exchange chromatography with Bio-Rad 200-400 mesh AG50W-X8 resin in 1 
N HNO3 media was used to separate Mg from other matrix elements following previously 
established procedures (Teng et al., 2007, 2010a, b, 2011; Yang et al., 2009, 2012; Dauphas et 
al., 2010;  Li et al., 2010, 2011; Liu et al., 2010, 2011; Ling et al., 2011). In addition, an anion 
exchange chromatography with Bio-Rad 200-400 mesh AG1-X8 was used as initial step to 
remove Ti from lunar samples following established procedures by Teng et al., (2010a) and 
Liu et al., (2010). Since the resin impurities affect the stability of Mg isotopic measurement in 
MC-ICPMS (Chang et al., 2001), both resins were cleaned before being used in the column 
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chemistry. The resin first was rinsed with the full column of Milli-Q
®
 and then with full 
column of 4 N HCl, 0.5 N HF, and 1 N HNO3 acids. The alternating rinsing with acid and 
water was repeated for more than ten times.  
 In Ti-removal column chemistry, a small volume (~2 ml) ion exchange column packed 
with pre-cleaned Bio-Rad 200-400 mesh AG1-X8 resin was used to remove Ti from the 
samples. 200 µL of the samples in 1 N HCl–0.5 N HF were loaded on the resin. The first 5 mL 
of 1 N HCl–0.5 N HF separated Mg from Ti. The abundances of Ti and Mg in purified Mg 
sample solutions were measured to assure that the Ti/Mg ratio was <0.05.  
In the purification of Mg from other elements, Bio-Rad 200-400 mesh AG50W-X8 
resin was conditioned by at least 6 ml of 1N HNO3. Then the sample solution dissolved in 1 N 
HNO3 was loaded on the resin and eluted through the column by 1 N HNO3. In order to 
maintain 100% Mg yield, Teng et al. (2007) determined the position of the Mg cut for pure Mg 
standard rock solutions. The first 5 ml of eluent (1 N HNO3) removed Al and Na, and then Mg 
was eluted with 5.5 ml of 1 N HNO3 (Fig. 2.1) (Teng et al., 2007). This cation exchange 
chromatography separates Mg from Na, Al, K, Ca, and Fe. In order to obtain a pure Mg 
solution, the Mg column chromatography was repeated for all samples and reference materials 
to achieve the concentration ratio of <0.05 for any cation to that of Mg. 
 
C. Instrumental analysis 
 Magnesium stable isotopic compositions of natural mineral and rocks have been 
measured using thermal ionization mass spectrometry (TIMS), secondary ion mass 
spectrometry, and MC-ICPMS (e.g., Lee et al., 1976; Clayton et al., 1984; Kita et al., 2000; 
Galy et al., 2001; Young et al., 2002; Maruyama and Yurimoto, 2003; Teng et al., 2007; 
Huang et al., 2009). Analytical precisions of both TIMS and SIMS are limited by instrumental 
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fractionation. Although the instrumental bias in MC-ICPMS is large, the smooth variation of 
this bias during an analytical session makes its correction possible by standard-sample 
bracketing method (Galy et al., 2001). In addition, the high ionization efficiency of the Ar 
plasma and rapid analysis of the samples, together with tenfold improvement in precision 
make the MC-ICPMS more suitable for Mg stable isotopic analysis.  
 
Figure 2.1. The elution curves of Na, Al, and Mg for three different standard solutions: 
a granite, a basalt (BCR-2), and pure Mg metal solution (DSM3) modified from Fig. 1 in Teng 
et al. (2007). 
 
Magnesium isotope ratios were measured by a Nu Plasma MC-ICPMS at the Isotope 
Laboratory of the University of Arkansas. Comparative study of wet and dry plasma 
conditions by Teng et al. (2010a) indicated a significant gain in stability of the Mg isotope 
ratios in wet plasma condition. Hence, the purified Mg sample solution with concentration of 
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a quartz cyclonic spray chamber from Elemental Scientific Inc. Magnesium isotopes were 
analyzed in a low-resolution mode, with 
26
Mg, 
25
Mg and 
24
Mg measured simultaneously in 
separate Faraday cups (H5, Ax and L4). The Mg signal of a sample solution with 
concentration of ~250-300 ppb Mg and background Mg signal were ~3-4 V and <10
-4
 V, 
respectively.  
 The standard-sample bracketing method was used to minimize the mass-dependent 
instrumental bias, in which each sample is bracketed by two standards (Galy et al., 2001). In 
order to avoid cross-contamination between the sample and standards, ~2% (ν/ν), HNO3 is 
aspirated to the spray chamber between each analytical session. Using this method, Mg 
isotopic composition of the sample is measured as a permil deviation from  Mg isotopic 
composition of the standard (δxMg = [((xMg/24Mg)sample/(
x
Mg/
24
Mg)DSM3)-1]×1000, where x is 
either 25 or 26, and DSM3 is the Mg solution made from pure Mg metal (Galy et al., 2003)). 
Hence, this method reduces the effects of instrument and nitric acid that affect both sample and 
standard identically.  
 
D. Precision and accuracy  
 Precision and accuracy of analyses at the Isotope Laboratory of the University of 
Arkansas were evaluated by full-procedural replicate analyses of seawater, rocks, minerals, 
synthetic solutions and pure Mg Cambridge-1 standard solution, and reported in detail by Teng 
et al. (2010a), Li et al. (2010), and Ling et al. (2011). The in-run precision of ≤±0.02 ‰ (2SD) 
on the 
26
Mg/
24
Mg ratio is assessed for a single measurement of one block of 40 ratios. The 
internal precision on the measured 
26
Mg/
24
Mg ratio, based on 4 repeat runs of the same sample 
solution during a single analytical session was <±0.1 ‰ (2SD). Replicate analyses of synthetic 
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solutions, mineral and rocks standards by Teng et al. (2010a) resulted in the long-term external 
precisions of ±0.07 ‰ and ±0.06 ‰ (2SD) for δ26Mg and δ25Mg, respectively.  
 Synthetic solutions are made by mixing of pure Mg standard solution and standard 
solution of matrix elements. Two different synthetic solutions, IL-granite and IL-lunar, are 
used to evaluate the precision and accuracy of Mg isotope data in this study. IL-granite 
solution with the concentration ratios of Mg:Fe:Al:Ca:Na:K:Ti:Ni = 1:5:30:5:10:20:0.1:0.1, 
yielded weighted average δ26Mg value of -0.037 ± 0.024 ‰ (2SD, n = 5, Table 2.1). IL-lunar 
solution with the concentration ratios of Mg:Fe:Ca:Ti:Ni = 1:4:4:4:0.1, yielded weighted 
average δ26Mg value of -0.030 ± 0.028 ‰ (2SD, n = 5, Table 2.1). The weighted average 
δ26Mg values for both IL-granite and IL-lunar solutions are identical to the expected true value 
of 0. Kilbourne Hole olivine, Allende and Murchison meteorites also yielded weighted average 
δ26Mg values of -0.301 ± 0.014 ‰ (2SD, n = 8, Table 2.1), -0.298 ± 0.032 ‰ (2SD, n = 5, 
Table 2.1), and -0.347 ± 0.032 ‰ (2SD, n = 3, Table 2.1), respectively, which are in 
agreement with the data reported by Teng et al. (2010) and Liu et al. (2010).  
In addition to these synthetic solutions, and mineral and rock standards, we have 
examined the possibility of using seawater as a potential geostandard for Mg isotopic analysis 
in this laboratory (Ling et al., 2011). The average δ26Mg values of 40 seawater samples from 
the Gulf of Mexico and one seawater sample from Hawaii are -0.832 ± 0.068 ‰ (2SD, n = 40) 
and -0.829 ± 0.037 ‰ (2SD, n = 13, n is the number of replicate and duplicated analysis for 
this sample), respectively. These values are identical to previously reported values of the same 
seawater sample in the same laboratory (Li et al., 2010; Liu et al, 2011). These sweater 
samples from a wide range of latitudes (27.8078-29.3994) and longitudes (-95.8739--90.5516) 
with variable depths (8-112 m) indicated homogeneous Mg isotopic compositions (Fig. 2.2). 
Compiling the data from this study (Ling et al., 2011) with the data from literature (see 
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references in Ling et al., 2011) suggests a homogeneous Mg isotopic composition for global 
seawater samples with δ26Mg = -0.83 ± 0.09 ‰ and δ25Mg = -0.43 ± 0.06 ‰  (2SD, n = 90) 
(Fig. 2.3). Compared to pure Mg standard used for synthetic solution, concentrations of matrix 
elements in seawater are much more comparable with those of natural rocks (Ling et al., 
2011). This characteristic of seawater, together with its accessibility in large amounts, 
simplicity for isotopic analysis, and its homogeneous Mg isotopic composition makes it an 
excellent geostandard to evaluate the precision and accuracy of both intra- and inter-laboratory 
analyses. Hence, the seawater sample was also used as a reference material in the study of 
meteorites here. These seawater samples yielded weighted average δ26Mg values of -0.861 ± 
0.036 ‰ (2SD, n = 4, Table 2.1), which is in agreement with the data reported in Ling et al. 
(2011). The results of seawater, together with synthetic and natural standard solutions confirm 
the accuracy of our data during the course of this analysis.  
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Table 2.1. Magnesium isotopic compositions of reference materials 
Samples δ26Mga 2SDb δ25Mga 2SDb 
IL-lunar
c
 0.001 0.080 -0.024 0.060 
 -0.069 0.054 -0.037 0.089 
 -0.017 0.080 -0.003 0.050 
 -0.026 0.050 -0.028 0.030 
 -0.007 0.070 -0.009 0.045 
Average
d
 (n=5) -0.030 0.028 -0.020 0.020 
IL-granite
e
 -0.061 0.060 -0.024 0.027 
 -0.051 0.062 -0.019 0.044 
  0.005 0.070 -0.006 0.045 
 -0.053 0.040 -0.049 0.030 
 -0.009 0.050 -0.015 0.050 
Average (n=5) -0.037 0.024 -0.027 0.016 
KH-1 olivine
f
 -0.324 0.036 -0.158 0.040 
 -0.288 0.028 -0.124 0.041 
 -0.316 0.064 -0.134 0.030 
 -0.275 0.064 -0.130 0.030 
 -0.324 0.036 -0.158 0.040 
 -0.333 0.050 -0.146 0.048 
 -0.276 0.033 -0.117 0.066 
 -0.284 0.060 -0.170 0.040 
Average (n=8) -0.301 0.014 -0.142 0.014 
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Allende meteorite  -0.320 0.063 -0.162 0.040 
 -0.329 0.072 -0.192 0.060 
 -0.275 0.072 -0.141 0.060 
 -0.251 0.081 -0.162 0.068 
 -0.300 0.076 -0.162 0.048 
Average (n=5) -0.298 0.032 -0.163 0.023 
Murchison meteorite -0.335 0.063 -0.144 0.040 
 -0.370 0.070 -0.170 0.060 
 -0.340 0.050 -0.180 0.050 
Average (n=3) -0.347 0.032 -0.161 0.028 
Seawater -0.841 0.063 -0.458 0.050 
 -0.806 0.072 -0.403 0.060 
 -0.873 0.096 -0.484 0.064 
 -0.914 0.063 -0.450 0.040 
Average (n=4) -0.861 0.036 -0.451 0.025 
a δxMg = [(xMg/24Mg)sample / (
x
Mg/
24
Mg)DSM3 - 1] × 1000, where x = 25 or 26 and DSM3 is Mg 
solution made from pure Mg metal (Galy et al., 2003).
 
b
 2SD = 2 times the standard deviation of the population of n (n >20) repeat measurements of 
the standards during an analytical session
 
c
 IL-lunar is a synthetic solution with Mg:Fe:Ca:Ti:Ni = 1:4:4:4:0.1. 
d
 Average is weighted average calculated based on inverse-variance weighted model using 
Isoplot 3.75-4.15. 2SD for the average is two standard deviation errors propagated from the 
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assigned errors. 
e
 IL-granite is a synthetic solution with Mg:Fe:Al:Ca:Na:K:Ti:Ni = 1:5:30:5:10:20:0.1:0. 
f
 KH-1 olivine is an in-house standard that has been analyzed through whole-procedural 
column chemistry and instrumental analysis with δ26Mg = -0.27 ± 0.07 (2SD) and δ25Mg = -
0.14 ± 0.04 (2SD) (Liu S.-A. et al., 2010; Teng et al, 2010a). 
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Figure 2.2. Magnesium isotopic composition vs. sampling depth, latitude, and 
longitude of seawater in the Gulf of Mexico modified from Figure 5 in Ling et al. (2011). The 
solid line represents the average δ26Mg of -0.83 ‰ for the global seawater. 
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Figure 2.3. Magnesium isotopic compositions of global seawater samples, including 
data from Ling   et al. (2011) and compiled data from literature in Ling et al. (2011). The solid 
line and grey bar represent the average δ26Mg of -0.83 ‰ and two standard deviation of ±0.09 
‰ for the global seawater. 
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III. MAGNESIUM ISOTOPIC COMPOSITION OF THE MOON 
A. Abstract  
 The Mg isotopic compositions of 47 well-characterized lunar samples, including mare 
basalts, highland rocks, mare breccias, and mare and highland regolith samples where 
measured to address the behavior of Mg isotopes during lunar magmatic differentiation, 
constrain the Mg isotopic composition of the Moon, and evaluate the degree of Mg isotopic 
heterogeneity in the solar system.. The δ26Mg values range from -0.608 ‰ to 0.020 ‰ in 22 
mare basalts, from -0.335 ‰ to -0.177 ‰ in 3 highland rocks, from -0.328 ‰ to -0.136 ‰ in 7 
mare breccias, from -0.226 ‰ to -0.140 ‰ in 6 highland regolith, and from -0.410 ‰ to -
0.197 ‰ in 9 mare regolith samples. The limited Mg isotopic variation in mare and highland 
regolith, mare breccias, and highland rocks reflects negligible Mg isotope fractionation by 
lunar surface processes producing and modifying these samples (e.g., solar wind, cosmic rays, 
micrometeorite bombardments, meteorite impacts, etc.). The Mg isotopic variations between 
low- and high-Ti basalts may reflect Mg isotope fractionation during fractional crystallization 
of the lunar magma ocean with ilmenite having lighter Mg isotopic composition than 
coexisting olivine and pyroxene. Overall, the Moon has a weighted average Mg isotopic 
composition (δ26Mg = -0.259 ‰) indistinguishable from the Earth (δ26Mg = -0.25 ± 0.07 ‰) 
and chondrites (δ26Mg = -0.28 ± 0.06 ‰), suggesting homogeneous Mg isotopic distribution in 
the solar system and the lack of Mg isotope fractionation during the Moon-forming giant 
impact. 
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B. Introduction 
 Isotopic studies of terrestrial and lunar samples can provide insight into the complex 
processes that govern planetary accretion and differentiation. For instance, despite the large 
variation of oxygen isotopes in the solar system, the Earth and the Moon have identical O 
isotopic compositions (Clayton et al., 1973; Wiechert et al., 2001; Spicuzza et al., 2007; Hallis 
et al., 2010; Liu Y. et al., 2010), suggesting that materials in the proto-Moon and proto-Earth 
were well-mixed during the giant impact (Wiechert et al., 2001; Pahlevan and Stevenson, 
2007). Magnesium is a major element with a condensation temperature of ~1400 K and less 
volatile than oxygen (Lewis, 1997). Magnesium isotopes can fractionate at high temperatures 
during condensation and evaporation processes, as observed from calcium-aluminum-rich 
inclusions (CAIs) (Clayton et al., 1988) and chondrules (Galy et al., 2000; Young et al., 2002), 
and as shown by experimental and theoretical studies (Davis et al., 1990; Richter et al., 2002, 
2007). Knowledge of Mg isotopic compositions of terrestrial and extraterrestrial materials; 
therefore, can potentially be used to study the origin, formation, and differentiation of 
planetary objects (Richter et al., 2002; Young et al., 2002; Norman et al, 2006; Teng et al., 
2010). 
 Our understanding of the Mg isotopic compositions of the Earth and chondrites has 
improved dramatically due to the advent of multi-collector, inductively coupled plasma mass 
spectrometer (MC-ICPMS). The most recent comprehensive studies suggest that the Earth and 
chondrites have similar Mg isotopic compositions (e.g., Bourdon et al., 2010; Chakrabarti and 
Jacobsen, 2010; Schiller et al., 2010; Teng et al., 2010; Pogge von Strandmann et al., 2011). 
However, the Mg isotopic composition of the Moon is not as well-determined as that of the 
Earth and chondrites. In-situ analyses of lunar mare basalts, glasses, and impact melts reveal 
homogeneous Mg isotopic compositions for these samples, similar to chondrites (with 
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analytical precision of ~±0.2 ‰, 2SD) (Norman et al., 2006) and to the Earth (Warren et al., 
2005). By contrast, a solution method of analysis by Wiechert and Halliday (2007) suggested 
that the Mg isotopic composition of the Moon is ~0.15 ‰ heavier than that of the Earth, and 
both are heavier than chondrites. With a greater analytical precision (~±0.08 ‰, 2SD; for 
δ26Mg), Chakrabarti and Jacobsen (2010) reported an identical chondritic Mg isotopic 
composition for the Moon and the Earth, though their values for terrestrial and chondritic 
samples are ~0.25 ‰ lighter than those reported in other studies (e.g., Teng et al., 2007, 2010; 
Handler et al., 2009; Bourdon et al., 2010; Pogge von Strandmann et al., 2011).  
In order to further constrain the Mg isotopic composition of the Moon, to understand 
behavior of Mg isotopes during the lunar-forming giant impact and lunar magmatism, and to 
evaluate the extent of Mg isotopic heterogeneity in the solar system, we have studied 47 well-
characterized samples from all major types of lunar rocks returned by the Apollo 11, 12, 14, 
15, 16, and 17 missions. Our results show limited Mg isotopic variation in lunar highland 
rocks, breccias, and regolith samples, suggesting insignificant Mg isotope fractionation during 
meteorite impacts and space weathering on these samples. The lighter Mg isotopic 
composition of high-Ti lunar basalts seen here may reflect source heterogeneity of the low- 
and high-Ti basalts, which was produced during differentiation of the lunar magma ocean 
(LMO).  
 
C. Samples  
The samples investigated in this study are from the same collection as those studied by 
Batchelor et al. (1997) and some of those studied for oxygen and iron isotopes by Spicuzza et 
al. (2007) and Liu Y. et al. (2010). They represent a diverse spectrum of sample types 
including highland rocks, mare volcanic rocks, polymict clastic mare breccias, and mare and 
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highland regolith. The igneous samples investigated here were selected on the basis of their 
inclusion in Basaltic Volcanism Study Project (BVSP, 1981) and cover all major types of lunar 
rocks, with a broad range of lunar geological settings and geochemical properties (Fig. 3.1 and 
Table 3.1). Petrography, mineralogy, and major- and trace-element compositions of these 
samples are available in the lunar sample compendium (Meyer, 2004-2011).  
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Figure 3.1. Variation of TiO2 versus MgO contents for lunar samples studied here. 
Major element data (wt%) of lunar samples are from lunar sample compendium (Meyer, 2004-
2011) and mare basalt database (Neal, 2008). 
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Table 3.1. Chemical compositions of lunar samples investigated in this study. 
Sample MgO SiO2 TiO2 FeO 
Volcanic rocks:     
     Mare basalts     
10020, 222      High-Ti B3 type olivine 7.7 40.2 10.6 18.9 
10049, 89        High-Ti A type ilmenite 7.3 41.0 9.6 18.2 
12002, 240      Olivine basalt 14.8 44.0 2.6 21.8 
12005, 46        Ilmenite basalt 19.9 41.5 2.7 22.2 
12051, 48        Ilmenite basalt 7.0 45.7 4.5 20.1 
12011, 25        Pigeonite basalt 8.7 46.6 3.2 19.4 
12021, 574      Porphyritic pigeonite basalt 7.2 46.5 3.5 19.2 
12052, 330      Porphyritic pigeonite basalt 8.5 45.8 3.2 20.1 
15058, 239      Quartz normative basalt 9.5 47.7 1.8 19.6 
15075, 52        Quartz normative basalt NA NA NA NA 
15475, 187      Quartz normative basalt 8.7 48.3 1.7 19.8 
15499, 13        Quartz normative basalt 9.1 47.7 1.8 20.2 
15016, 221      Olivine-normative basalt 11.1 44.1 2.3 22.0 
15555              Olivine-normative basalt 11.1 44.15 2.2 22.3 
70035, 9          A-type ilmenite basalt 9.9 37.8 13.0 18.5 
71539, 17        A-type basalt 5.4 NA 8.6 19.1 
75015, 1          A-type ilmenite basalt 5.8 41.9 9.2 19.9 
70215, 322      B2-type basalt 8.7 37.9 12.9 19.7 
75075, 171      B1-type ilmenite basalt 9.6 38.1 13.3 18.8 
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74255, 185      C-type ilmenite basalt 10.7 38.4 12.5 17.8 
70017, 524      U-type ilmenite basalt 9.8 38.2 13.3 18.5 
    Mare pyroclastic glasses     
74220, 758 14.2 38.3 8.8 22.4 
Highland rocks     
14310, 631     Feldspathic basalt, 65 % KREEP 7.8 47.8 1.2 8.37 
60315, 30       Coherent poikilitic impact melt 13.2 46.5 1.3 9.3 
68415, 200     Clast-poor impact melt 4.4 45.5 0.3 4.1 
Mare breccias     
10018, 101     Fine breccia 8.1 42.4 8.2 12.4 
10019, 85       Fine breccia
a
  6.4 42.4 8.1 16.3 
10021, 90       Medium light grey breccia
b
 8.2 43.2 7.7 16.0 
10046, 231     Fine breccia 9.1 44.0 8.1 16.0 
10048, 198     Fine breccia 7.1 40.4 8.7 16.3 
10060, 136     Fine breccia 8.0 42.1 8.6 17.1 
10065, 145     Micro-breccia
c
 8.2 41.2 7.8 16.8 
Highland regolith     
60009, 621     Core, immature-submature 5.9 46.1 0.6 5.2 
60009, 619     Core, immature-submature    5.9 46.1 0.6 5.2 
60010, 1257   Core, submature-mature 5.9 46.1 0.6 5.2 
60013, 319     Core, submature  NA 54.8 NA NA 
60014, 197     Core, mature NA 54.8 NA NA 
61501, 120     Highland soil, submature 6.1 44.7 0.5 5.3 
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Mare regolith     
12025, 351     Core NA NA NA NA 
12028, 83       Core NA NA NA NA 
70002, 461     Core, submature 10.1 42.3 5.8 15.4 
70003, 537     Core, submature 10.0 42.6 5.7 15.3 
70004, 574     Core, submature-mature 10.2 42.2 5.7 16.7 
70005, 485     Core, mature 9.9 42.1 5.4 16.0 
70007, 452     Core, submature 10.1 41.7 6.0 15.9 
70008, 513     Core, immature 9.6 39.5 9.1 18.3 
70009, 550     Core, submature 10.7 40.4 8.3 17.1 
NA = not available. Major element data (wt.%) of lunar samples are from lunar sample 
compendium (Meyer, 2004-2011) and mare basalt database (Neal, 2008). The data for 61501 is 
from Morris (1978) and Morris et al. (1983). Breccias maturity data are from Korotev and 
Morris (1993), Meyer (2004-2008) and Morris et al. (1979).                                                                              
a
 1-5 mm average clast size.                                                                                                          
b
 
>5 mm average clast size.                                                                                                                
c
 
<1mm average clast size                                                                                                                                 
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1. Highland rocks 
 Highland rocks are classified into four major groups: ferroan-anorthosites, Mg-rich 
suite rocks, gabbros/norites, and alkali-suite rocks. A peculiar feature of lunar rocks in general 
is the presence of a KREEP signature [enrichments in potassium (K), rare earth elements 
(REE), and phosphorus (P)] and occurs in the Mg-suite and alkali-suite highland rocks, as well 
in many mare basalts (e.g., Lucey et al., 2006). The lunar highlands, being decidedly older 
than the maria, were subjected to heavy bombardments, and primary igneous rocks were 
broken, mixed, and melted into various types of breccias (Hiesinger and Head III, 2006). Three 
highland rocks from Apollo 14 and 16 were analyzed for Mg isotopes in this study. Sample 
14310 from Apollo 14 was initially classified as a KREEP basalt by Wilshire and Jackson 
(1972), but later, this rock was recognized to be a clast-free impact-melt rock by Simonds et al. 
(1977), that is a portion of the regolith that was completely melted and now has most of the 
features of an igneous rock. Samples 60315 and 68415 from Apollo 16 are also impact-melt 
rocks.  
 
2. Mare volcanic rocks 
 Mare volcanic rocks include various types of basalts that were derived from partial 
melts of cumulates originally formed by the LMO crystallization. Breccias of these rocks are 
also very common. Such basalts and mare breccias are enriched in FeO and TiO2, depleted in 
Al2O3, and have a higher CaO/Al2O3 ratio than highland rocks (Taylor et al., 1991). On the 
basis of the bulk-rock TiO2 content, mare basalts are classified into high-Ti basalts (HT) (>6 
wt% TiO2), low-Ti (LT) basalts (1.5-6 wt% TiO2), and very low-Ti (VLT) basalts (<1.5 wt% 
TiO2) (Neal and Taylor, 1992). The basalt samples from the Apollo 12 and 15 missions are 
mostly low-Ti basalts, whereas those from the Apollo 11 and 17 missions consist mainly of 
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high-Ti basalts. Based on mineralogy, and major- and trace-element compositions, Apollo 12 
basalts are subdivided into olivine, pigeonite, and ilmenite basalts, reflecting distinct and 
separate sources (Neal and Taylor, 1992; Neal et al., 1994). The mare basalts from Apollo 15 
are sub-classified into quartz- and olivine-normative basalts, which might correspond to two 
distinct flows formed by different degrees of partial melting and depth of magma segregation 
(Chappell and Green, 1973). High-Ti mare basalts have been classified into ten subgroups 
based on their mineralogy and trace-element characteristics, which were reported to have 
formed through fractional crystallization from melts derived from different mantle sources 
(Neal and Taylor, 1992).  
 Mare basalts investigated in this study include low-Ti basalts from the Apollo 12 and 
15 and high-Ti basalts from the Apollo 11 and 17 missions. Six Apollo 12 mare basalts 
include: one olivine basalt (12002), three pigeonite basalts (12011, 12021 and 12052), and two 
ilmenite basalts (12005 and 12051). Of these, sample 12005 is one of the most Mg-rich lunar 
basalts (Meyer, 2004-2011). Samples from the Apollo 15 include four quartz-normative 
basalts (QNB; 15058, 15499, 15475 and 15075) and two olivine-normative basalts (ONB; 
15016 and 15555). Samples from Apollo 11 are: 10020, a B3 type olivine basalt (Low K, Low 
La) and 10049, an A type ilmenite basalt (high K, high La) (Meyer, 2004-2011). Eight lunar 
samples from the Apollo 17 (70017, 70035, 74255, 75075, 75015, 71539, 70215, and 74220) 
were also analyzed (Table 3.1).  
Volcanic glass beads were formed from „fire-fountaining‟ and are portions of 
pyroclastic deposits (Delano and Lindsley, 1983); in general, they are more primitive than 
mare basalts. The color of these glass beads reflects their different compositions, with high-Ti 
glasses as orange or red and VLT glasses as green (Warren, 2003). These glasses are ascribed 
to different mantle sources. Only orange glasses from Apollo 17 soil 74220 were studied here. 
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Overall, our samples represent most of the subgroups defined for mare basalts. Both mare 
basalts and volcanic glasses are referred as mare basalts here. 
 
3. Lunar breccias 
 Lunar breccias, produced by single or multiple impacts, are mixtures of mineral and 
rock fragments, crystallized impact melts, or glassy-impact melts. Polymict breccias are 
classified into glassy melt, crystalline melt, fragmental, clast-poor impact melt, granulitic, 
dimict, and regolith breccias (Stöffler et al., 1980). The lunar breccias analyzed in this study 
are mare breccias from the Apollo 11 mission, including samples 10018, 10019, 10046, 10048, 
10060, and 10065. These samples are regolith breccias, consisting mostly of high-Ti mare 
basalt components (e.g., Rhodes and Blanchard, 1982). Mineral clasts of these rocks are 
mostly olivine and pyroxene with plagioclase and opaque phases (Meyer, 2004-2011).  
 
4. Lunar regolith 
 Lunar regolith is defined as unconsolidated surface material, with grain sizes of <1 cm, 
that blankets the Moon. Compositions of lunar regolith range from basaltic to anorthositic with 
a small meteoritic component (<2 vol%) (McKay et al., 1991). Lunar regolith was largely 
formed and altered mainly by micrometeorite (<1 mm) bombardment, with minor 
modifications due to solar-wind and cosmic rays particle (McKay et al., 1991). The samples 
studied here include 15 from the Apollo 12 drive-tube, and the Apollo 16 and 17 drill-cores, 
which represent sampling depths from 50 cm to 3 m. Samples 12025 and 12028 are mare 
regoliths and core segments of the double-length drive-tube samples collected in south Halo 
Crater (Fryxell and Heiken, 1974). The petrography of these samples indicates that they are 
fragments of mare basalts. The exposure history of the upper-segment, 12025, and lower-
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segment, 12028, of the drive tube reflects surface irradiation ages of 25-45 and 5-60 m.y., 
respectively (Arrhenius et al., 1971). Highland regolith samples from Apollo 16 are also 
analyzed in this study. Samples 60009-60010 and 60013-60014 are 50-60 cm and 62 cm deep 
of the Apollo 16 drill-core, respectively. Sample 60009 is one of the most feldspathic Apollo 
16 regolith samples (Korotev, 1991). Sample 61501 is a submature sample with a surface 
irradiation age of >100 m.y. (Bhandari et al., 1973; Morris 1978). Samples 70001–70009 are 
from the Apollo 17 drill core (up to ~3 meters). The variation of the regolith compositions in 
samples 60009-60010 and 70001–70009 with depth reflects relatively little vertical mixing of 
lunar components in these cores. The Apollo 17 deep drill-core varies in nuclear track density, 
maturity, agglutinate content, cathodoluminescence, thermoluminescence sensitivity, modal 
mineralogy, and chemical composition with depth (e.g., Drozd et al., 1977; Batchelor et al., 
1997; Akridge et al., 2004), which makes these core samples suitable to study the behavior of 
Mg isotopes during the processes of space weathering. The upper-segments of the Apollo 17 
drill core, 70009 and 70008 are enriched in TiO2. They must have been derived from high-Ti 
basalts, which present as a lithic fragment in the regolith (Ehmann and Ali, 1977).  
 
D. Analytical methods  
 The magnesium isotopic analyses were conducted at the Isotope Laboratory of the 
University of Arkansas at Fayetteville following a modified procedure after Yang et al. (2009), 
Li et al. (2010), and Teng et al. (2007, 2010). 
 
1. Sample dissolution 
 Approximately 1-10 mg aliquots of each sample, based on the Mg concentration, were 
dissolved in a mixture of concentrated HF-HNO3 (~3:1) (v/v), in Savillex screw-top beakers 
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and heated overnight at a temperature of ~160 
o
C, on a hot plate in an exhaust hood. The 
sample solutions were then dried at 120 
o
C. To achieve 100 % dissolution, the dried samples 
were dissolved in a mixture of HCl-HNO3 (~3:1) (v/v) and heated at a temperature of 160 
o
C 
for 1-2 days. After evaporation of the solutions into dry substances, the samples were refluxed 
with concentrated HCl and then evaporated into dryness again. The dried residues were finally 
dissolved in a mixture of 1 N HCl – 0.5 N HF.  
 
2. Column chemistry and instrumental analysis 
 The column chemistry involves two steps. The first step was performed mainly to 
separate Ti from Mg. A small-volume (~2 ml) ion-exchange column packed with Bio-Rad 
200-400 mesh AG1-X8 resin, pre-cleaned (rinsed 14 times column volume of 4 N HCl, 1 N 
HNO3 and 18.2 MΩ Mili-Q
® 
water), was used to remove Ti from the samples. The samples 
were loaded on the resin in 200 µL of 1 N HCl–0.5 N HF. The first 5 mL of 1 N HCl–0.5 N 
HF separated Mg from Ti. To assure the accuracy of our data, at least two reference materials 
(Table 3.2), with comparable Mg:Ti ratios, were included in each batch of processed samples.  
 In the second step, cation-exchange chromatography, with Bio-Rad 200-400 mesh 
AG50W-X8 resin in 1 N HNO3 media, was used to separate Mg from other matrix elements, 
following previously established procedures (Teng et al., 2007, 2010; Yang et al., 2009; Li et 
al., 2010). Sample and reference solutions dissolved in 1 N HNO3 (from the first step) were 
loaded on the resin and eluted through the column by 1 N HNO3. In order to obtain a pure Mg 
solution, the Mg column chromatography was repeated for all lunar samples and reference 
materials. For high-Ti samples, Ti column chemistry was repeated after the main-Mg column 
chemistry, in order to further check the efficiency of Ti column chemistry for removal of Ti 
from Mg. 
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Magnesium isotopic analyses were performed by the standard bracketing method using 
a Nu Plasma MC-ICPMS. Before Mg isotopic analyses, the abundances of Ti and Mg in 
purified Mg sample solutions were measured, to assure that the Ti/Mg ratio was <0.05. The 
purified Mg sample solution (~250-300 ppb Mg in ~3 % (ν/ν) or ~0.45 N HNO3 solution) was 
introduced into a “wet” plasma using a quartz-cyclonic-spray chamber from Elemental 
Scientific Inc. Magnesium isotopes were analyzed in a low-resolution mode, with 
26
Mg, 
25
Mg, 
and 
24
Mg measured simultaneously, in separate Faraday cups (H5, Ax, and L4). 
 
3. Precision and accuracy  
 Precision and accuracy of analyses at the Isotope Laboratory of the University of 
Arkansas were evaluated by full-procedural replicate analyses of seawater, rocks, minerals, 
synthetic solutions, and pure Mg Cambridge-1 standard solution [reported in detail by Teng et 
al. (2010), Li et al. (2010), and Ling et al. (2011)]. The in-run precision on the 
26
Mg/
24
Mg ratio 
for a single measurement of one block of 40 ratios was <±0.02 ‰ (2SD). The internal 
precision on the measured 
26
Mg/
24
Mg value, based on 4 repeat runs of the same sample 
solution during a single analytical session was <±0.1 ‰ (2SD). The long-term external 
precisions for δ26Mg and δ25Mg are better than ±0.07 ‰ and ±0.06 ‰ (2SD), respectively 
(Teng et al., 2010a). 
In order to evaluate the precision and accuracy of our data, full procedural replicate 
analyses were performed on two synthetic solutions, including IL-granite (with the 
concentration ratios of Mg:Fe:Al:Ca:Na:K:Ti:Ni = 1:5:30:5:10:20:0.1:0.1) and IL-lunar (with 
the concentration ratios of Mg:Fe:Ca:Ti:Ni = 1:4:4:4:0.1), and also one in-house Kilbourne 
Hole olivine standard (KH-1 olivine) (Table 3.2). IL-granite and IL-lunar yielded weighted 
average δ26Mg values of -0.037 ± 0.024 ‰ (2SD, n = 5, Table 3.2) and -0.030 ± 0.028 ‰ 
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(2SD, n = 5, Table 3.2) respectively, which are identical to the expected true value of 0. The 
olivine KH-1 yielded a weighted average δ26Mg value of -0.301 ± 0.014 ‰ (2SD, n = 8, Table 
3.2), which is in agreement with the values reported by Teng et al. (2010) and Liu S.-A. et al. 
(2010) (δ26Mg = -0.27 ± 0.07 ‰; 2SD, n=16). The results of these synthetic and natural 
standard solutions confirm the accuracy of our data during this course of analysis. In addition, 
full procedural replicate analyses of lunar samples yielded identical δ26Mg values (Table 3.3), 
further assuring the accuracy and precision of our data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 55 
Table 3.2. Magnesium isotopic compositions of reference materials 
Samples δ26Mga 2SDb δ25Mga 2SDb 
IL-lunar
c
  0.001 0.080 -0.024 0.060 
 -0.069 0.054 -0.037 0.089 
 -0.017 0.080 -0.003 0.050 
 -0.026 0.050 -0.028 0.030 
 -0.007 0.070 -0.009 0.045 
Average
d
 (n=5) -0.030 0.028 -0.020 0.020 
IL-granite
e
 -0.061 0.060 -0.024 0.027 
 -0.051 0.062 -0.019 0.044 
  0.005 0.070 -0.006 0.045 
 -0.053 0.040 -0.049 0.030 
 -0.009 0.050 -0.015 0.050 
Average (n=5) -0.037 0.024 -0.027 0.016 
KH-1 olivine
f
 -0.324 0.036 -0.158 0.040 
 -0.288 0.028 -0.124 0.041 
 -0.316 0.064 -0.134 0.030 
 -0.275 0.064 -0.130 0.030 
 -0.324 0.036 -0.158 0.040 
 -0.333 0.050 -0.146 0.048 
 -0.276 0.033 -0.117 0.066 
 -0.284 0.060 -0.170 0.040 
Average (n=8) -0.301 0.014 -0.142 0.014 
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a δxMg = [(xMg/24Mg)sample / (
x
Mg/
24
Mg)DSM3 - 1] × 1000, where x = 25 or 26 and DSM3 is Mg 
solution made from pure Mg metal (Galy et al., 2003).
 
b
 2SD = 2 times the standard deviation of the population of n (n >20) repeat measurements of 
the standards during an analytical session.
 
c
 IL-lunar is a synthetic solution with Mg:Fe:Ca:Ti:Ni = 1:4:4:4:0.1. 
d
 Average is weighted average calculated based on inverse-variance weighted model using 
Isoplot 3.75-4.15.  
e
 IL-granite is a synthetic solution with Mg:Fe:Al:Ca:Na:K:Ti:Ni = 1:5:30:5:10:20:0.1:0. 
f
 KH-1 olivine is an in-house standard that has been analyzed through whole-procedural 
column chemistry and instrumental analysis with δ26Mg = -0.27 ± 0.07 (2SD) and δ25Mg = -
0.14 ± 0.04 (2SD) (Liu S.-A. et al., 2010; Teng et al, 2010). 
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Table 3.3. Magnesium isotopic compositions of lunar samples 
Sample δ26Mga 2SDb δ25Mga 2SDb 
Volcanic rocks:     
    Mare basalts     
10020, 222      High-Ti B3 type olivine -0.563 0.062 -0.275 0.044 
   Replicate
c
 -0.601 0.060 -0.299 0.027 
   Replicate -0.537 0.060 -0.258 0.050 
   Replicate -0.558 0.060 -0.305 0.050 
   Replicate -0.576 0.080 -0.321 0.050 
   Replicate -0.608 0.025 -0.307 0.045 
   Replicate-Ti
d
 -0.590 0.040 -0.300  0.060 
   Average
e
 -0.590 0.017 -0.299 0.017 
10049, 89        High-Ti A type ilmenite -0.390 0.090 -0.203 0.070 
   Replicate -0.401 0.036 -0.203 0.040 
   Replicate -0.330 0.047 -0.178 0.027 
   Replicate-Ti -0.351 0.047 -0.144 0.043 
   Average -0.370 0.024 -0.179 0.019 
12002, 240      Olivine basalt -0.282 0.060 -0.151 0.070 
   Duplicate
f
 -0.295 0.070 -0.132 0.039 
   Average -0.288 0.046 -0.137 0.037 
12005, 46        Ilmenite basalt -0.243 0.040 -0.110 0.030 
   Replicate -0.267 0.060 -0.139 0.070 
   Average -0.250 0.033 -0.115 0.028 
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12051, 48 -0.272 0.062 -0.125 0.044 
   Replicate -0.295 0.060 -0.170 0.027 
   Average -0.284 0.043 -0.158 0.023 
12011, 25        Pigeonite basalt -0.215 0.070 -0.105 0.038 
   Duplicate -0.230 0.080 -0.099 0.050 
   Replicate  -0.220 0.060 -0.170 0.095 
   Average -0.221 0.040 -0.109 0.029 
12021,574       Porphyritic pigeonite basalt -0.342 0.036 -0.159 0.040 
   Replicate -0.343 0.060 -0.208 0.050 
   Replicate -0.280 0.075 -0.155 0.075 
   Average  -0.333 0.029 -0.175 0.029 
12052, 330      Porphyritic pigeonite basalt -0.196 0.064 -0.104 0.064 
   Duplicate -0.180 0.075 -0.090 0.043 
   Average -0.189 0.049 -0.094 0.036 
15058, 239      Quartz normative basalt -0.316 0.036 -0.155 0.040 
15075, 52        Quartz normative basalt -0.289 0.050 -0.139 0.050 
   Replicate -0.225 0.060 -0.160 0.040 
   Average -0.263 0.038 -0.152 0.031 
15475, 187      Quartz normative basalt -0.191 0.040 -0.121 0.030 
   Replicate -0.222 0.075 -0.083 0.075 
   Replicate -0.229 0.060 -0.135 0.040 
   Replicate -0.224 0.030 -0.095 0.040 
   Average -0.215 0.021 -0.115 0.020 
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15499, 13        Quartz normative basalt -0.205 0.085 -0.121 0.053 
15016, 221      Olivine-normative basalt -0.239 0.060 -0.092 0.027 
   Replicate -0.202 0.060 -0.069 0.040 
   Average -0.221 0.042 -0.085 0.022 
15555              Olivine-normative basalt -0.013 0.050 0.009 0.030 
   Replicate -0.042 0.062 -0.008 0.078 
   Replicate -0.032 0.075 -0.048 0.075 
   Duplicate 0.020 0.060 0.012 0.040 
   Average -0.015 0.030 0.004 0.022 
70035, 9          A-type ilmenite basalt -0.529 0.050 -0.265 0.050 
   Replicate -0.463 0.036 -0.224 0.033 
   Replicate -0.401 0.090 -0.180 0.090 
   Replicate-Ti -0.427 0.090 -0.241 0.072 
   Average -0.473 0.073 -0.233 0.025 
71539, 17        A-type basalt -0.397 0.058 -0.189 0.042 
   Duplicate -0.439 0.060 -0.238 0.040 
   Replicate-Ti -0.449 0.026 -0.240 0.031 
   Average -0.440 0.022 -0.226 0.021 
75015, 1          A-type ilmenite basalt -0.525 0.050 -0.263 0.050 
   Replicate -0.473 0.090 -0.252 0.090 
   Replicate-Ti -0.475 0.063 -0.241 0.058 
   Average -0.500 0.036 -0.253 0.035 
70215, 322      B2-type basalt -0.512 0.050 -0.242 0.050 
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   Duplicate -0.498 0.060 -0.231 0.040 
   Average -0.506 0.038 -0.235 0.031 
75075, 171      B1-type ilmenite basalt -0.399 0.058 -0.221 0.042 
   Replicate -0.444 0.050 -0.246 0.050 
   Replicate -0.400 0.090 -0.227 0.090 
   Duplicate -0.415 0.060 -0.167 0.040 
   Replicate-Ti -0.428 0.068 -0.226 0.017 
   Average -0.421 0.028 -0.220 0.014 
74255, 185      C-type ilmenite basalt -0.598 0.050 -0.273 0.050 
   Duplicate -0.531 0.060 -0.255 0.040 
   Replicate-Ti -0.496 0.075 -0.240 0.067 
   Replicate -0.516 0.041 -0.245 0.046 
   Average -0.539 0.069 -0.254 0.024 
70017, 524      U-type ilmenite basalt -0.568 0.050 -0.271 0.050 
   Replicate -0.509 0.040 -0.239 0.042 
   Average -0.532 0.031 -0.252 0.032 
   Mare pyroclastic glasses     
74220, 758 -0.268 0.054 -0.140 0.046 
   Replicate -0.340 0.040 -0.212 0.030 
   Average -0.314 0.034 -0.191 0.025 
Highland rocks     
14310, 631     Feldspathic basalt -0.264 0.075 -0.119 0.043 
   Duplicate -0.256 0.080  -0.122 0.050 
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   Replicate -0.294 0.040 -0.144 0.030 
   Average -0.282 0.032 -0.128 0.027 
60315, 30       Plagioclase clasts -0.284  0.085 -0.130 0.053 
   Replicate -0.344 0.036 -0.171 0.040 
   Average -0.335 0.033 -0.156 0.032 
68415, 200     Clast-poor impact melt -0.177 0.064 -0.077 0.038 
Mare breccias     
10018, 101     Fine breccia -0.136 0.080 -0.091 0.060 
   Replicate -0.222 0.050 -0.107 0.048 
   Average -0.198 0.042 -0.101 0.037 
10019, 85       Fine breccia -0.293 0.050 -0.173 0.048 
   Replicate -0.267 0.040 -0.140 0.030 
   Replicate -0.314 0.040 -0.160 0.030 
   Replicate -0.265 0.092 -0.115 0.034 
   Average -0.289 0.024 -0.144 0.017 
10021, 90       Medium light grey breccia -0.173 0.069 -0.075 0.062 
10046, 231     Fine breccia -0.155 0.069 -0.101 0.062 
10048, 198     Fine breccias  -0.165 0.091 -0.083 0.066 
10060, 136     Fine breccia -0.209 0.069 -0.114 0.062 
10065, 145     Micro-breccia -0.317 0.070 -0.156 0.045 
   Duplicate -0.328  0.050 -0.155 0.030 
   Replicate -0.278 0.036 -0.107 0.040 
   Replicate -0.291 0.080 -0.129 0.050 
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   Average -0.298 0.026 -0.140 0.019 
Highland regolith     
60009, 621     Core, immature-submature  -0.175 0.060 -0.080 0.070 
60009, 619     Core, immature-submature -0.168 0.060 -0.081 0.068 
   Replicate  -0.224 0.050 -0.117 0.048 
   Average -0.201 0.038 -0.105 0.039 
60010, 1257   Core, submature-mature -0.157 0.080 -0.102 0.060 
   Replicate -0.215 0.050 -0.119 0.048 
   Average -0.199 0.042 -0.112 0.037 
60013, 319     Core, submature -0.157 0.091 -0.079 0.066 
   Duplicate -0.177 0.060 -0.086 0.071 
   Average -0.171 0.050 -0.083 0.048 
60014, 197     Core, mature -0.140 0.070 -0.070 0.066 
   Duplicate -0.192 0.090 -0.070 0.068 
   Average -0.160 0.055 -0.070 0.047 
61501, 120     Highland soil, submature -0.226 0.052 -0.084 0.046 
   Duplicate -0.189 0.070 -0.092 0.045 
   Replicate -0.148 0.060 -0.083 0.027 
   Replicate -0.197 0.043 -0.093 0.013 
   Average -0.194 0.027 -0.091 0.011 
Mare regolith     
12025, 351     Core -0.235 0.090 -0.115 0.070 
   Replicate -0.239 0.050 -0.151 0.048 
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   Replicate -0.288 0.080 -0.153 0.050 
   Replicate -0.275 0.060 -0.109 0.027 
   Average  -0.257 0.032 -0.124 0.020 
12028, 835     Core -0.254 0.070 -0.108 0.045 
   Replicate -0.271 0.050 -0.122 0.048 
   Average -0.265 0.041 -0.115 0.033 
70002, 461     Core -0.208 0.079 -0.106 0.054 
70003, 537     Core -0.197 0.091 -0.109 0.066 
   Duplicate -0.255 0.063 -0.111 0.048 
   Average -0.236 0.052 -0.110 0.039 
70004, 574     Core, submature-mature -0.211 0.079 -0.111 0.074 
   Replicate -0.256 0.050 -0.128 0.048 
   Average -0.243 0.042 -0.123 0.040 
70005, 485     Core, mature -0.325 0.070 -0.171 0.050 
   Replicate -0.303 0.060 -0.137 0.027 
   Average -0.312 0.046 -0.145 0.024 
70007, 452     Core, submature -0.255 0.079 -0.130 0.054 
70008, 513     Core, immature -0.359 0.038 -0.162 0.026 
   Replicate -0.410 0.036 -0.185 0.040 
   Replicate -0.406 0.050 -0.174 0.030 
   Replicate -0.392 0.024 -0.190 0.030 
   Replicate-Ti -0.379 0.049 -0.202 0.062 
   Average -0.390 0.016 -0.177 0.015 
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70009, 550     Core, submature -0.292 0.079 -0.129 0.074 
   Replicate -0.326 0.062 -0.159 0.044 
   Replicate -0.344 0.050 -0.183 0.048 
   Average -0.328 0.035 -0.163 0.030 
a δxMg = [(xMg/24Mg)sample / (
x
Mg/
24
Mg)DSM3 - 1] × 1000, where x = 25 or 26 and DSM3 is Mg 
solution made from pure Mg metal (Galy et al., 2003).
 
b
 2SD = 2 times the standard deviation of the population of n (n >20) repeat measurements of 
the standards during an analytical session 
 
c
 Replicate: Repeat the main-Mg column chemistry from the same stock sample solution.  
d
 Replicate-Ti: Repeat Ti column chemistry after the main-Mg column chemistry and isotopic 
analyses.  
e
 Average is weighted average calculated based on inverse-variance weighted model using 
Isoplot 3.75-4.15.  
f
 Duplicate: Repeated measurement of Mg isotopic ratios on the same solution.   
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E. Results 
 Magnesium isotopic compositions are reported in Table 2 for reference samples and in 
Table 3 for lunar samples. All samples analyzed here, in addition to those of the bulk Earth, 
chondrites, and seawater reported by Teng et al. (2010) and Ling et al. (2011) from the same 
lab, fall on a single mass-dependent fractionation line with a best-fit slope of 0.505 (Fig. 3.2), 
which is consistent with previous studies (e.g., Young and Galy, 2004; Li et al., 2010). δ26Mg 
values range from -0.608 ‰ to 0.020 ‰ in mare basalts, from -0.335 ‰ to -0.177 ‰ in 
highland rocks, from -0.328 ‰ to -0.136 ‰ in mare breccias, from -0.226 ‰ to -0.140 ‰ in 
highland regolith, and from -0.410 ‰ to -0.197 ‰ in mare regolith samples (Fig. 3.3 and Fig. 
3.4). The range of Mg isotopic variation in lunar basalts (~0.628 ‰ for δ26Mg) is significantly 
larger than the analytical uncertainty (Table 3.3 and Fig. 3.4). 
Generally, δ26Mg values display a dichotomy between low-Ti and high-Ti basalts. All 
low-Ti basalts, except for 15555, are similar in Mg-isotope compositions, with the average 
δ26Mg value of -0.252 ± 0.095 ‰. The δ26Mg values of high-Ti basalts display a slightly larger 
variation, with an average of -0.488 ± 0.135 ‰. The basalt 15555 has the highest δ26Mg value 
among lunar samples, with the average value of -0.015 ± 0.030 ‰ (2SD, n = 4). Different 
aliquots of this sample also display distinct δ18O values (5.443-5.769 ‰) (Spicuzza et al., 
2007; Liu Y. et al., 2010). This sample also displays large chemical variations among different 
chips, which may be attributed to a biased sampling owing to the large grain size (e.g., Ryder 
and Schuraytz, 2001). Therefore, the heavy Mg isotopic composition of sample 15555 may 
have resulted from the heterogeneous mineral distribution in this sample. 
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Figure 3.2. Magnesium three-isotope plot of all lunar samples analyzed in this study 
(Table 3.3), compared to Earth and chondrites (Teng et al., 2010), and seawater (Ling et al., 
2011). The solid line represents a mass-dependent fractionation line with a slop of 0.505. 
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Figure 3.3. Variation of δ26Mg versus MgO contents for lunar samples. The solid line 
and grey bar represent the average δ26Mg of -0.25 ‰ and two standard deviation of ±0.07 ‰ 
for the Earth (Teng et al., 2010). MgO contents are from lunar sample compendium (Meyer, 
2004-2011) and mare basalt database (Neal, 2008). 
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 Figure 3.4. Correlation of δ26Mg and TiO2 in the lunar samples studied here. The solid 
line and grey bar represent the average δ26Mg of -0.25 ‰ and two standard deviation of ±0.07 
‰ for the Earth (Teng et al., 2010). TiO2 contents are from lunar sample compendium (Meyer, 
2004-2011) and mare basalt database (Neal, 2008). 
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F. Discussion 
 The giant impact theory for the formation of the Moon was derived from a combination 
of planetary dynamics and the chemistry of lunar samples (Hartmann and Davis, 1975; 
Cameron and Ward, 1976). This theory proposes the formation of the Moon from the 
components produced in a collision between the proto-Earth and a Mars-sized object. As a 
result of the huge amount of energy produced during the impact, the Moon is thought to be 
partially molten to depths of 400-500 km (Pritchard and Stevenson, 2000; Canup, 2004). 
Fractional crystallization of this magma ocean (LMO) led to the formation of a feldspathic 
crust, a mafic mantle, and partially molten core (Warren, 1985). A highly fractionated, late-
stage liquid with significant amounts of ilmenite also crystallized at the end of the LMO 
solidification between the deep mafic cumulates and the anorthositic crust (Warren, 1985; 
Shearer and Papike, 1999). This late-stage portion of the highly differentiated LMO, termed 
urKREEP, crystallized beneath the anorthositic crust (Warren, 1985). 
In this section, we first discuss the behavior of Mg isotopes during meteorite impacts, 
space weathering, and lunar magmatic differentiation. Then, we estimate the average Mg 
isotopic composition of the Moon and finally evaluate the extent of Mg isotopic heterogeneity 
in the early solar system.  
 
1. Magnesium isotopic systematics of lunar regolith and breccia  
 Lunar regolith and breccias are mixtures of diverse rock types, hence may be more 
representative of the average composition of the Moon than individual crystalline rocks. 
However, previous studies have found large mass-dependent kinetic isotope fractionation in 
the surface and fine parts of lunar regoliths, e.g., for O, S, Si, K, Ca, Mg and Fe (e.g., Epstein 
and Taylor, 1971; Clayton et al., 1974; Russell et al., 1977; Esat and Taylor, 1992; Humayun 
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and Clayton, 1995; Wiesli et al., 2003). These isotope fractionations were interpreted as results 
of ion sputtering and implantation of surface atoms, vaporization by meteorites and 
micrometeorite impact followed by gravitational mass selection and re-deposition of heavier 
isotopes (e.g., Switkowski et al., 1977; Housley, 1979). Such effects are thus needed to 
exclude before using lunar regolith and breccias to estimate lunar composition. 
The mare breccias, mare and highland regolith samples analyzed in this study are bulk samples 
and have homogeneous Mg isotopic composition (Fig. 3.3). This result is in agreement with 
insignificant Mg isotopic variation in bulk soil reported by Esat and Taylor (1992) and 
Chakrabarti and Jacobsen (2011). The lack of significant Mg isotopic variation in these 
breccias and regolith samples suggests that even though space weathering may have 
fractionated Mg isotopes, it doesn‟t cause significantly shift the bulk rock compositions. 
Breccias and regolith samples may hence be used to estimate their source‟s compositions (see 
details in section 3). 
 
2. Magnesium isotopic variation in lunar basalts 
 Petrological, mineralogical, and geochemical studies of lunar basalts suggest that low- 
and high-Ti basalts were derived from heterogeneous mantle sources (e.g., Neal and Taylor, 
1992; Snyder et al., 1992; Shearer et al., 2006). Low-Ti basalts are derived from early-formed 
ultramafic cumulates composed mostly of olivine and low-Ca pyroxene. High-Ti basalts are 
considered either as 1) partial melts of ilmenite-bearing harzburgite, formed from mixing of 
ilmenite-rich cumulates with earlier cumulates enriched in olivine and pyroxene during the 
lunar cumulate mantle overturn (e.g., Ringwood and Kesson, 1976; Elkins-Tanton et al., 
2002), or 2) partial melts of ilmenite-rich cumulates assimilated by low-Ti melts during 
magma ascent (e.g., Hubbard and Minear, 1975; Thacker et al., 2009). 
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 The lunar basalts studied here have variable Mg isotopic compositions. The low-Ti 
basalts with <6 wt.% TiO2 and high-Ti basalts with 6-9 wt.% TiO2 have similar δ
26
Mg to those 
of highland rocks, mare breccias, and mare and highland regolith samples. By contrast, those 
high-Ti basalts with >9 wt.% TiO2 are isotopically light (Fig. 3.4). Overall, Mg isotopic 
variation in lunar basalts manifests the same trend in O and Hf isotopes, with light isotopes 
being enriched in high-Ti basalts (Beard et al., 1998; Spicuzza et al., 2007; Hallis et al., 2010; 
Liu Y. et al., 2010). However, this is opposite to the behavior of Nd (Nyquist et al., 1995; 
Rankenburg et al., 2006; Brandon et al., 2009), Li (Magna et al., 2006; Seitz et al., 2006), and 
Fe (Wiesli et al., 2003; Poitrasson et al., 2004; Weyer et al., 2005; Liu Y. et al., 2010). 
Hafnium and neodymium isotopes of low- and high-Ti basalts imply different mineralogical 
sources for low- and high-Ti basalts (e.g., Beard et al., 1998; Brandon et al., 2009). Source 
heterogeneity has also been suggested for isotopic variations within lunar basalts for stable 
isotopes of Li, O, and Fe (e.g. Magna et al., 2006; Liu Y. et al., 2010; Hallis et al., 2010). In 
addition to source heterogeneity, partial melting and polybaric melting models, with preferable 
consumption of ilmenite, have been suggested as a possible cause of O (Spicuzza et al., 2007) 
and Fe (Craddock et al., 2010) isotope fractionation in mare basalts. Finally, Liu Y. et al. 
(2010) showed a significant correlation between Mg# and δ18O in lunar basalts, which has 
been interpreted as indicative of O isotope fractionation by near-surface fractional 
crystallization of magma in these basalts. 
Below, we first determine the major mineral phases that control MgO budget and then discuss 
the factors controlling Mg isotopic variation in both low-Ti and high-Ti basalts. 
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a. Magnesium concentration variations in lunar basalts 
 The large chemical variations in lunar basalts reflect their different mineralogy. 
Clinopyroxene and ilmenite/Cr-ulvöspinel are the most abundant mineral phases in the high-Ti 
basalts, while olivine and low-Ca pyroxene dominate the low-Ti basalts. Mineral abundances 
versus MgO plots reveal no significant correlation between pyroxene (up to 60 wt.%) and 
MgO in both low- and high-Ti basalts, but a positive correlation between olivine and MgO 
contents in low-Ti basalts (Fig. 3.5a and b) and a positive correlation between opaque mineral 
and MgO contents in high-Ti basalts (Fig. 3.5c). These positive correlations indicate that 
olivine controls the MgO variation in low-Ti basalts whereas opaque minerals play a key role 
in controlling the MgO variation in high-Ti basalts.  
 Ilmenite [(Fe, Mg)TiO3], armalcolite [(Mg0.5 Fe0.5)Ti2O5], and chromian ulvöspinel, an 
intermediate between ulvöspinel [Fe2TiO4] and chromite [FeCr2O4] with substitution of Mg 
and Cr for Fe and Al, [(Mg, Fe)(Al, Cr)2O4], are the Fe-Ti oxides containing Mg in lunar 
basalts. MgO content of lunar ilmenite ranges from 3 to 8 wt.% in high-Ti lunar basalts (e.g., 
Papike et al., 1998; Lucey et al., 2006; Van Kan Parker et al., 2011). Therefore, the high Mg 
contents of ilmenite, together with their high modal abundances (up 28 %) in high-Ti basalts, 
are effectively sufficient enough to affect the MgO contents of bulk basalts (e.g., Papike et al., 
1998).  Armalcolite (Mg0.5 Fe0.5)Ti2O5 and chromian ulvöspinel can also contain significant 
amount of MgO but considering their low modal abundance of <0.5 wt.% (Warner et al., 
1978), they should not significantly affect the MgO budget of high-Ti basalts (Warner et al., 
1978).  
Chemical compositions of high-Ti and low-Ti basalts also support the above conclusion and 
indicate that opaque minerals in high-Ti basalts have high TiO2 and MgO contents. Both CaO 
and SiO2 contents in high-Ti and low-Ti basalts decrease with MgO for samples investigated 
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in this study and literature, reflecting crystallization of different mineral phases e.g., olivine, 
pyroxene and plagioclase (Fig. 3.6a and b). However, at a given MgO content, high-Ti basalts 
always have lower SiO2 content than low-Ti basalts (Fig. 3.6b), indicating the presence of 
additional phase that is enriched in MgO but depleted in SiO2 in high-Ti basalts. On the other 
hand, TiO2 positively correlates with MgO in high-Ti basalts and displays no correlation with 
MgO in low-Ti basalts (Fig. 3.6c). These correlations thus further suggest that opaque 
minerals (i.e., ilmenite) not only control TiO2 contents but also play a key role in MgO 
variations of high-Ti basalts. 
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 Figure 3.5. Olivine, pyroxene, and opaque modal abundances (%) vs. MgO (wt%) (a, 
b, and c) and δ26Mg (‰) (d, e, and f) in lunar basalts investigated in this study. Mineral 
abundances for lunar samples are from lunar sample compendiums (Meyer, 2004-2011). 
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 Figure 3.6. CaO, SiO2 and TiO2 (wt%) vs. MgO (wt%) in lunar basalts investigated in 
this study. Grey and light blue diamonds represent low- and high-Ti basalts, respectively, 
using mare basalt database (Neal, 2008). The large pink square on the top left corner on the 
CaO plot represents the anorthosite samples (≥90% plagioclase) with lowest MgO. The 
rectangular on the lower right corner on the CaO plot represents the compositions of olivines 
from low- and high-Ti basalts (Data from Papike et al., 1998). Arrows on TiO plot indicate the 
crystallization lines for armalcolite (Arm), ilmenite (Ilm), and olivine (Ol) (Papike et al., 
1998). Major element data (wt%) of lunar samples are from lunar sample compendium 
(Meyer, 2004-2008) and mare basalt database (Neal, 2008). 
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b. Origins of light Mg isotopic composition of ilmenite in high-Ti basalts  
 Magnesium isotopic compositions of lunar basalts do not correlate with Mg# (index of 
crystallization of olivine and pyroxene) (Fig. 3.3), or modal abundances of olivine and 
pyroxene (Fig. 3.5d and e), suggesting that crystallization of olivine and pyroxene did not 
significantly fractionate Mg isotopes. This is in agreement with the observations of terrestrial 
basalts (Teng et al., 2007, 2010: Bourdon et al., 2010). Instead, δ26Mg values of basalts with 
>9 wt.% TiO2 are significantly lower than other samples and decrease with TiO2 (Fig. 3.4). 
Low- and high-Ti basalts display two clusters with high-Ti basalts enriched in opaque minerals 
and light Mg isotopes (Fig. 3.5f). All these suggest that opaque minerals (i.e., ilmenite) have 
light Mg isotopic compositions and shift high-Ti basalts to lower δ26Mg values. A simple 
binary mixing calculation, with low-Ti basalts (MgO = 10 wt.%, TiO2 = 6 wt.% and δ
26
Mg = -
0.250 ‰) mixed with different amount of ilmenite (TiO2 = 52 wt.%) having different MgO 
and δ26Mg values, shows that δ26Mg of ilmenite would range from -3 ‰ to -1.5 ‰ by 
changing its MgO content from 3 % to 8 % in order to produce the Mg isotopic composition of 
the high-Ti basalts.  
 Since no Mg isotopic data are available for ilmenite, it is difficult to directly evaluate 
the model. Nonetheless, we discuss the processes that potentially produce such isotopically 
light ilmenite below.  
 
b.1. Diffusion-driven kinetic Mg isotope fractionation 
 The lighter Mg isotopic composition of ilmenite versus olivine and pyroxene may 
result from non-equilibrium isotope fractionation due to diffusion. Kinetic Mg isotope 
fractionation can occur during chemical and thermal diffusion in silicate melts, and between 
melts and minerals (e.g., Richter et al., 2008, 2009a, b; Huang et al., 2009b; Dauphas et al., 
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2010; Teng et al., 2011). Since Mg
2+
 and Fe
2+
 behave similarly in physiochemical processes 
because of their identical charge and similar ionic radii, coupled studies of Mg and Fe isotopes 
can be used to tell chemical-diffusion from thermal-diffusion driven isotope fractionations. For 
example, thermal diffusion fractionates isotopes of all elements with the enrichment of heavy 
isotopes at the cold end along a thermal gradient (Huang et al., 2009b; Richter et al., 2008, 
2009a, b). Hence, a positive correlation between Mg and Fe isotope fractionations is expected 
for thermal diffusion. By contrast, chemical-diffusion driven isotope fractionation should 
produce negative correlation between δ26Mg and δ56Fe because of inter-diffusion between Mg 
and Fe in ilmenite, similar to Mg and Fe isotope fractionation during Mg-Fe inter-diffusion in 
olivine (Teng et al., 2011).  
Since no δ26Mg data are available for ilmenite, comparison of δ26Mg and δ56Fe data for lunar 
basalts is used here. Plots of δ26Mg and δ56Fe with TiO2 show opposite trends and indicate a 
negative correlation between δ26Mg and δ56Fe in low- and high-Ti basalts (Fig. 3.7), which 
clearly rules out thermal diffusion as the causes of the Fe and Mg isotope fractionations in 
lunar basalts. Although the negative correlation may indicate that chemical diffusion can play 
a role in controlling Mg and Fe isotopic compositions of lunar basalts, the large isotope 
fractionations of radiogenic isotopes (e.g., Nd and Hf, Nyquist et al., 1995; Beard et al., 1998; 
Rankenburg et al., 2006; Brandon et al., 2009 ) and other stable isotopes (e.g., O and Li, 
Wiechert et al., 2001; Magna et al., 2006; Seitz et al., 2006; Spicuzza et al., 2007; Hallis et al., 
2010; Liu Y. et al., 2010), with negative (for Nd, and Li) and positive (for O and Hf) 
correlations with Mg isotopes, cannot be explained by chemical diffusion. In addition, ilmenite 
in high-Ti basalts is one of the early crystallized phases, being in equilibrium with the melt and 
pyroxene, and it has probably not undergone post-magmatic re-equilibration (e.g., Warner et 
al., 1978; Shearer et al., 2006). Hence, chemical diffusion-driven isotope fractionation as a 
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major mechanism for the large Mg isotopic variations between low- and high-Ti basalts can be 
ruled out. 
 
 
 
 
 
Figure 3.7. δ56Fe (Wiesli et al., 2003; Liu, et al., 2010) and δ26Mg of lunar basalts (this 
study, Table 3.3; Wiechert and Halliday, 2007) versus their whole rock TiO2 contents. 
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b.2. Equilibrium inter-mineral Mg isotope fractionation 
 The light Mg isotopic composition of ilmenite may result from large equilibrium inter-
mineral Mg isotope fractionation (e.g., Young et al., 2009; Li et al., 2011; Liu et al., 2011; 
Schauble, 2011). Theoretical and experimental studies of stable isotopes of other elements 
(e.g., O, Fe, and Cr) reveal a strong correlation between equilibrium fractionation factors and 
internal structural properties of minerals, such as coordination number, average metal-oxygen 
bond lengths, and oxidation state (e.g., Zheng, 1993; Polyakov, 1997; Schauble, 2004). Studies 
of terrestrial rocks display the following sequence of enriched 
26
Mg in coexisting minerals: 
spinel >> pyroxene > olivine >> garnet (e.g., Handler et al., 2009; Yang et al., 2009; Young et 
al., 2009; Liu S.-A. et al., 2010, 2011; Li et al., 2011). The large isotopic variations between 
spinel, olivine, pyroxene, and garnet are interpreted as a consequence of different coordination 
numbers (CN) of Mg bonded to O in these minerals. CN for Mg in spinel, olivine/pyroxene, 
and garnet is 4, 6, and 8, respectively (Deer et al., 1992). In general, a lower CN of a cation 
results in stronger bonds, which favor heavy isotopes (e.g., Urey, 1947; Chacko et al., 2001). 
Hence, spinel with CN = 4 is enriched in heavy Mg isotopes. By contrast, garnet with a higher 
CN of 8 is enriched in light Mg isotopes. The same CN of 6 in silicate minerals such as 
olivine, orthopyroxene, clinopyroxene, hornblende, and biotite is not favorable for large inter-
mineral Mg isotope fractionation. Nonetheless, different coordination numbers of oxygen 
bonded to Mg in these minerals affect the average Mg-O bond strength and can cause small 
Mg isotope fractionation among these silicates (e.g., Liu S.-A. et al., 2010, 2011). The strong 
correlation of inter-mineral Mg isotope fractionation with CN of Mg in spinel and silicates in 
natural samples agrees well with the theoretical calculation (Schauble, 2011).  
The coordination number of Mg in ilmenite is 6, which is identical to that in silicate 
minerals such as olivine, orthopyroxene, clinopyroxene, hornoblende and biotite (Raymond 
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and Wenk, 1971; Lind and Housley, 1972; Liu S.-A. et al., 2011; Schauble, 2011) but ilmenite 
is an oxide mineral. Schauble (2011) shows that significant Mg isotope fractionation occurs 
among different mineral species, such as carbonates, silicates, and periclase, with carbonates 
lighter and periclase heavier than silicates, although CN of Mg in all these mineral groups is 6. 
The large inter-mineral Mg isotope fractionation mainly results from their distinct crystal 
structure. Hence, ilmenite as an oxide mineral could be isotopically lighter than olivine and 
pyroxene. Clearly, more theoretical and experimental studies as well as analysis of natural 
samples are needed in order to fully understand behaviors of Mg isotopes in ilmenite during 
the crystallization of the LMO. 
 
3. Magnesium isotopic composition of the Moon  
 Our knowledge about the composition of the Moon mainly comes from samples 
returned from Apollo and Luna missions, lunar meteorites, and remote sensing and seismic 
data (e.g., Taylor, 1982; Gillis et al., 2004). Based on these data, the Moon is believed to be 
differentiated with a feldspathic crust, a mafic mantle, and a partially molten core. The upper 
crust is more feldspathic with more gabbro and anorthositic gabbro and the lower crust is more 
mafic with more norite and anorthositic norite (Wieczorek et al., 2006). The upper mantle is 
enriched in pyroxene while the lower mantle is enriched in Mg-rich olivine (e.g., Warren, 
1985; Shearer and Papike, 1999). 
 The composition of the Moon can provide fundamental information on its origin and 
evolution. The lunar crustal composition can be estimated by analysis of lunar samples such as 
ferroan anorthositic, magnesium and alkali suites, etc., as well as remote sensing data such as 
those from Clementine, Lunar Prospector, Lunar Reconnaissance Orbiter (LRO) missions, and 
Terrain Mapping Camera (TMC) and Moon Mineralogy Mapper (M3) on-board Chandrayaan-
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1 (e.g., Jolliff et al., 2000; Greenhagen et al., 2010; Chauhan et al., 2012). Unlike the 
availability of samples from the crust, no sample of lunar mantle has been discovered to date. 
The composition of the lunar mantle has been mainly studied through analysis of partial melts 
of the lunar mantle, i.e., lunar basalts and volcanic glasses (Wieczorek et al., 2006). This 
method may not give an accurate estimate of the mantle source composition because of 
elemental and isotopic fractionation during the initial crystallization of the LMO. Pyroclastic 
glasses, with higher Mg, Ni, and Mg#, compared to the lunar basalts, are suggested to better 
constrain the lunar mantle composition, because they represent the least differentiated melts 
(e.g., Delano, 1986; Shearer and Papike, 1993). And, the weighted average of the composition 
of the crust and mantle can be used to calculate the bulk composition of the Moon (e.g., 
Warren, 2005).  
Three approaches have been utilized to estimate the isotopic composition of the bulk 
Moon: 1) the direct average-isotopic composition of different types of lunar samples (e.g., 
Poitrasson et al., 2004); 2) the average of the most primitive lunar samples, like green picritic 
glass 15426 (Wiechert and Halliday, 2007) or less fractionated material like orange glass 
74220 and quartz-normative basalts (15058 and 15475) (Magna et al., 2006); and 3) the 
average of lunar samples excluding anomalies (e.g., Weyer et al., 2005). However, since the 
chemical and isotopic compositions of low- and high-Ti basalts and surface samples are 
different, the direct averaging of the stable isotopic compositions of these samples without 
considering their volumetric proportion may not provide a good estimation of isotopic 
composition of the Moon. Hence, in this study, we estimate the Mg isotopic composition of 
the bulk Moon by calculation of the MgO-weighted average Mg isotopic composition of the 
lunar crust and mantle separately; these are then combined to estimate the weighted average of 
the bulk Moon, based on the weight percentage of the lunar crust and mantle (7 % and 93 %, 
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respectively; Warren, 2005). With the assumption of the limited Mg isotope fractionation of 
lunar samples by surface processes (see 5.1), lunar highland impact-melt rocks, and highland 
regolith samples from Apollo 16 are the best representatives for the lunar crust. The MgO-
weighted average δ26Mg value (-0.243 ± 0.065 ‰) of these samples (14310, 60315, 68415, 
60009, 60010, and 61501) is used to represent the average Mg isotopic composition of the 
lunar crust. Since MgO contents of samples 60013 and 60014 are not available, these samples 
are not included in the estimation of this value. All mare breccias analyzed in this study consist 
of high-Ti mare basalt components. Hence, these breccias, high-Ti basalts, and two mare 
regolith samples (70008 and 70009) with >6 wt% TiO2 are used to estimate the MgO-weighted 
average δ26Mg value of high-Ti basalts. The other mare regolith samples from Apollo 17 with 
low TiO2 contents are added to low-Ti basalts to estimate their MgO-weighted average δ
26
Mg 
value. MgO contents of lunar regolith 12025 and 12028 are not available; hence, these samples 
are not used to estimate the MgO-weighted average δ26Mg value of low-Ti basalts. These 
average δ26Mg values of low-Ti (excluding 15555) (-0.249 ± 0.047 ‰) and high-Ti (-0.364 ± 
0.141 ‰) basalts are used to estimate their mantle sources. Based on the Clementine remote 
sensing data for the lunar surface, low-Ti basalts are 90 % of all mare basalts exposed on the 
lunar surface (Giguere et al., 2000). Using this estimated proportion and the average values of 
low- and high-Ti mantle sources; the weighted average value of the lunar mantle is estimated 
to be -0.261 ± 0.149 ‰. By using Mg isotopic compositions of the lunar crust and mantle, the 
weighted average δ26Mg value of -0.259 ± 0.162 ‰ is considered as the best estimate of the 
bulk Mg isotopic composition of the Moon. 
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4. Chondritic Mg isotopic composition of the Moon and Earth 
 Studies of isotopic compositions of the Moon, Earth and chondrites can help to better 
understand the solar nebula conditions, proto-planetary disc processes, and the origin and 
evolution of the Earth-Moon system (e.g., Wiechert et al., 2001; Poitrasson et al., 2004; 
Wiechert and Halliday, 2007; Paniello et al., 2012). While it is well established now that the 
Earth has a chondritic Mg isotopic composition, there is still uncertainty in chondritic Mg 
isotopic composition of the Moon based on the limited data (Warren et al., 2005; Norman et 
al., 2006; Wiechert and Halliday, 2007; Chakrabarti and Jacobsen, 2010). Compared to the 
literature data on lunar samples, our data are systematically lighter than those of Wiechert and 
Halliday (2007), but are heavier than those of Chakrabarti and Jacobsen (2010). Nevertheless, 
the Mg isotopic compositions of chondrites and terrestrial samples reported by Wiechert and 
Halliday (2007) are also systematically heavier than those reported by the other groups 
(Handler et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Teng et al., 2010; Pogge von 
Strandmann et al., 2011). By contrast, δ26Mg values of terrestrial and extraterrestrial samples 
reported in Chakrabarti and Jacobsen (2010) are systematically lighter than our data and other 
groups (by ~0.25 ‰) (Handler et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Teng et 
al., 2010; Pogge von Strandmann et al., 2011). The cause of the discrepancy among different 
groups is not clear. However, the wide range of lunar samples in this study and those of 
terrestrial and chondritic samples analyzed at the same laboratory (Teng et al., 2010) allow an 
internally-consistent comparison of Mg isotopic compositions among different planetary 
materials.  
The Mg isotopic composition of the Moon (δ26Mg = -0.259 ± 0.162 ‰) estimated here 
is indistinguishable from that of the Earth (δ26Mg = -0.25 ± 0.07 ‰; 2SD, n = 139) and 
chondrites (δ26Mg = -0.28 ± 0.06 ‰; 2SD, n = 38) measured at the same laboratory (Teng et 
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al., 2010) (Fig. 3.8). Hence, the results of our study suggest that the Moon and the Earth have 
chondritic Mg isotopic compositions, reflecting an extensive early disk mixing processes and 
homogeneity of Mg isotopes in the solar system. The chondritic Mg isotopic compositions of 
the Moon and the Earth also indicate that the Moon-forming giant impact did not fractionate 
Mg isotopes, different from those proposed for Fe isotopes (Poitrasson et al., 2004).  
 
 
 Figure 3.8. Histogram of Mg isotopic composition of the Moon, the Earth and 
chondrites. The vertical dashed line represents the average δ26Mg of -0.28 ‰ for chondrites 
(Teng et al., 2010). 
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G. Conclusion  
 This study presents the most comprehensive Mg isotopic data for lunar samples 
including most types of available samples to date. The main conclusions are: 
1. δ26Mg values range from -0.608 ‰ to 0.020 ‰ in mare basalts, from -0.335 ‰ to -0.177 
‰ in highland rocks, from -0.328 ‰ to -0.136 ‰ in mare breccias, from -0.226 ‰ to -
0.140 ‰ in highland regolith, and from -0.410 ‰ to -0.197 ‰ in mare regolith samples.  
2. The similar Mg isotopic compositions among mare and highland regolith samples, mare 
breccias, and highland rocks indicate that the surface processes on the Moon (e.g., solar 
wind, cosmic rays, micrometeorite bombardments, meteorite impacts, etc.) did not 
significantly fractionate Mg isotopes in these samples. 
3. High-Ti basalts are on average isotopically lighter than low-Ti basalts, mostly reflecting 
their heterogeneous cumulate sources produced during the lunar magmatic differentiation. 
High abundance of ilmenite with light Mg isotopic composition than coexisting olivine and 
pyroxene may cause the light Mg isotopic composition of high-Ti basalts.  
4. Using the average Mg isotopic composition of the lunar crust and mantle and their 
volumetric proportions, the weighted average Mg isotopic composition of the Moon is 
estimated to be -0.259 ± 0.162 ‰ for δ26Mg and -0.128 ± 0.071 ‰ for δ25Mg. 
5.  The Mg isotopic composition of the Moon (δ26Mg = -0.259 ± 0.162 ‰) is 
indistinguishable from those of the Earth (δ26Mg = -0.25 ± 0.07 ‰) and chondrites (δ26Mg 
= -0.28 ± 0.06 ‰), suggesting the homogeneity of Mg isotopes in the solar system and the 
negligible Mg isotope fractionation during the Moon-forming giant impact. 
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IV. MAGNESIUM ISOTOPIC COMPOSITION OF ACHONDRITES 
A. Abstract  
 Magnesium isotopic compositions of 22 well-characterized differentiated meteorites 
including 7 types of achondrites and pallasite meteorites were measured to evaluate Mg 
isotopic heterogeneity of the solar system. The δ26Mg values from -0.267 ‰ to -0.222 ‰ in 
winonaite-IAB-iron silicate group, from -0.369 ‰ to -0.292 ‰ in aubrites, from -0.269 ‰ to -
0.159 ‰ in HEDs, from -0.299 ‰ to -0.209 ‰ in ureilites, from -0.307 ‰ to -0.294 ‰ in 
mesosiderites, and from -0.303 ‰ to -0.298 ‰ in pallasites. Magnesium isotopic compositions 
of achondrites change with their major chemical compositions, reflecting that the isotopic 
variation in achondrites is caused by different mineralogical sources in the parent bodies. The 
slightly heavier Mg isotopic compositions of angrites and some HEDs are most likely resulted 
from the higher abundance of clinopyroxene with the Mg isotopic composition slightly heavier 
than olivine and orthopyroxene. The average Mg isotopic composition of achondrites (δ26Mg = 
-0.260 ± 0.046 ‰) estimated here is indistinguishable from those of the Earth (δ26Mg = -0.25 ± 
0.07 ‰; 2SD, n = 139), chondrites (δ26Mg = -0.28 ± 0.06 ‰; 2SD, n = 38), and the Moon 
(δ26Mg = -0.259 ± 0.186 ‰) reported from the same laboratory. The chondritic Mg isotopic 
compositions of achondrites, the Moon and the Earth reflect homogeneity of Mg isotopes in 
the solar system and the lack of Mg isotope fractionation during the planetary accretion 
process and impact events.  
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B. Introduction  
 Achondrites and pallasites are stony and stony-iron meteorites. Their parent bodies 
have gone through different magmatic processes because of different conditions such as 
different gravitational fields, source region compositions, heat sources, and time scale of 
magmatic evolution (e.g., McSween, 1989). Hence, studies of these meteorites can help in the 
understanding of general planetary differentiation and constrain the degree of isotopic 
heterogeneity of the solar system. For example, chemical and O isotopic compositions of these 
different groups of meteorites reflect origins of different parent bodies and different igneous 
processes (e.g., Clayton and Mayeda, 1996; Mittlefehldt, 2004; Mittlefehldt et al., 1998). 
Whether this heterogeneity is applied to other isotopic systematics is not well understood yet.  
 Our understanding of Mg isotope geochemistry has improved due to the advent of the 
multi-collector, inductively coupled plasma mass spectrometer (MC-ICPMS) (e.g., Galy et al., 
2001; Young et al., 2002; Young and Galy, 2004). Despite the earlier debates on whether the 
Earth has a chondritic Mg isotopic composition or not (e.g., Norman et al., 2006; Wiechert and 
Halliday, 2007; Teng et al., 2007; Handler et al., 2009; Huang et al., 2009; Yang et al., 2009; 
Young et al., 2009), the most recent comprehensive studies have found a similar Mg isotopic 
composition for the Earth, the Moon, and chondrites (Bourdon et al., 2010; Chakrabarti and 
Jacobsen, 2010; Schiller et al., 2010; Teng et al., 2010a; Pogge von Strandmann et al., 2011; 
Sedaghatpour et al., 2012). However, compared to the Earth, the Moon and chondrites, our 
understanding of Mg isotopic composition of achondrites is limited (Norman et al., 2006; 
Wiechert and Halliday, 2007; Chakrabarti and Jacobsen, 2010). Wiechert and Halliday (2007) 
found Mg isotopic compositions of eucrites and diogenites are similar to those of the Earth and 
Martian meteorites, but different from chondrites. By contrast, Mg isotopic analysis of 
achondrites by others suggested similar homogeneous chondritic Mg isotopic compositions for 
 99 
the Earth, Mars, Moon, and pallasite parent body (Norman et al., 2006; Chakrabarti and 
Jacobsen, 2010).  
 Here, we analyzed 22 achondrites and pallasite meteorites from different groups to 
constrain Mg isotopic composition of achondrites, to investigate Mg isotope fractionation 
during different magmatic processes, and to evaluate the extent of Mg isotopic heterogeneity 
in the solar system. Our results indicate small variations between different achondrites, 
reflecting mainly their mineralogical differences. Overall, achondrites have similar Mg 
isotopic compositions to those of the Earth, the Moon, and chondrite, reflecting the 
homogeneity of Mg isotopes in the inner solar system. 
 
C. Samples  
 On the basis of the degrees of igneous melting, achondrites are classified into two main 
groups: 1) primitive achondrites with approximately chondritic bulk compositions, but igneous 
or metamorphic textures; 2) differentiated achondrites with the parent bodies that underwent 
large degrees of partial melting and isotopic homogenization with distinct chemical 
compositions fractionated from chondritic materials (e.g., Krot et al., 2004; Mittlefehldt, 
2004). Based on the chemical and O isotopic compositions, primitive and differentiated 
achondrites are further divided into different subgroups, with each representing different 
parent bodies (e.g., Clayton and Mayeda, 1996; Mittlefehldt, 2004).  
 Twenty two meteorite samples including 7 types of achondrites and 2 pallasites were 
analyzed in this study. These samples cover the whole range of chemical compositions and 
oxidation states of parent bodies of achondrites (Fig. 4.1), with different O isotopic 
compositions. Samples‟ names, classifications, the fall and find conditions, and MgO contents 
are listed in Table 4.1. The chemical compositions of achondrites, their mineralogy and 
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petrogenesis are reviewed in previous studies (e.g., Mittlefehldt et al., 1998; Mittlefehldt, 
2004). Nevertheless, a brief description is given below. 
 
Figure 4.1. a) Na/Al ratio, an index of moderately volatile element depletion of parent 
bodies vs. FeO/MnO ratio, an index of oxidation state of parent bodies in meteorites 
investigated in this study. b) Variation of CaO versus MgO contents of meteorites studied 
here, olivine (Ol), orthopyroxene (Opx) and clinopyroxene (Cpx) separated from some 
achondrites (Mittlefehldt et al., 1998). Reference data are listed in Table 4.1. 
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Table 4.1. Magnesium isotopic compositions of achondrites. 
Sample Type 
Fall 
/find 
MgO 
(wt%) 
δ26Mg 2SDa δ25Mg 2SDa δ26Mg* 2SDa 
Primitive Achondrites  
Acapulco 
Acapulcoite-
lodranite 
Fall 26.8 -0.229 0.096 -0.118 0.085 0.000 0.006 
     Winonaite-IAB-iron silicate clan   
Campo del Cielo IAB Find 15.9 -0.263 0.040 -0.158 0.053 0.016 0.089 
  Duplicate
b
    -0.222 0.076 -0.124 0.048 -0.014 0.048 
  Average
c
    -0.254 0.035 -0.140 0.036 0.001 0.041 
Landes IAB Find 15.3 -0.267 0.068 -0.103 0.063 -0.078 0.032 
Winona Winonaite Find 26.7 -0.240 0.070 -0.160 0.060 0.061 0.076 
  Duplicate    -0.244 0.076 -0.135 0.048 0.007 0.074 
  Average    -0.242 0.051 -0.145 0.038 0.034 0.077 
Differentiated Achondrites   
1
0
1
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D′Orbigny Angrite Find 6.5 -0.179 0.061 -0.093 0.049 -0.008 0.070 
  Duplicate    -0.196 0.079 -0.125 0.083 0.036 0.097 
  Replicate
d
    -0.185 0.068 -0.098 0.063 -0.006 0.026 
  Duplicate    -0.200 0.072 -0.098 0.060 -0.037 0.051 
  Average    -0.190 0.035 -0.100 0.030 -0.004 0.060 
          
Peña Blanca Spring Aubrite Fall 37.2 -0.292 0.066 -0.157 0.050 -0.023 0.071 
  Replicate    -0.369 0.081 -0.186 0.068 -0.018 0.051 
  Duplicate    -0.308 0.072 -0.157 0.060 -0.006 0.067 
  Average    -0.318 0.042 -0.164 0.033 -0.015 0.017 
Bishopville Aubrite Fall 34.8 -0.306 0.068 -0.149 0.063 -0.027 0.028 
     HED   
Bilanga Diogenite  29.7 -0.252 0.070 -0.116 0.060 0.022 0.032 
  Duplicate    -0.204 0.076 -0.116 0.048 0.000 0.074 
1
0
2
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  Average    -0.230 0.051 -0.112 0.038 0.011 0.031 
Johnstown Diogenite Fall 15.3 -0.203 0.063 -0.125 0.050 0.028 0.063 
  Duplicate    -0.212 0.057 -0.110 0.060 -0.010 0.084 
  Replicate    -0.212 0.068 -0.143 0.063 0.054 0.062 
  Duplicate    -0.216 0.072 -0.111 0.060 -0.011 0.073 
  Average    -0.211 0.033 -0.116 0.021 0.015 0.063 
Tatahouine Diogenite Fall 27.4 -0.203 0.096 -0.112 0.085 0.015 0.007 
B r ba Eucrite (MGe) Fall 7.1 -0.204 0.062 -0.129 0.053 0.036 0.023 
  Duplicate    -0.213 0.070 -0.124 0.060 0.017 0.042 
  Replicate    -0.222 0.072 -0.109 0.060 -0.019 0.031 
  Average    -0.212 0.039 -0.121 0.033 0.011 0.056 
Sioux county Eucrite (MG
e
) Fall 7.2 -0.193 0.062 -0.148 0.053 0.065 0.093 
  Duplicate    -0.173 0.070 -0.140 0.060 0.034 0.067 
  Replicate    -0.218 0.081 -0.103 0.068 0.004 0.080 
1
0
3
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Average    -0.192 0.040 -0.134 0.034 0.034 0.061 
Juvinas Eucrite (MG
e
) Fall 7.1 -0.178 0.053 -0.135 0.058 0.068 0.010 
  Duplicate    -0.158 0.079 -0.114 0.083 0.053 0.078 
  Replicate    -0.220 0.045 -0.100 0.053 -0.033 0.028 
  Duplicate    -0.159 0.072 -0.078 0.060 0.009 0.046 
  Average    -0.189 0.029 -0.105 0.030 0.024 0.091 
Bouvante Eucrite (ST
f
) Find 6.4 -0.260 0.070 -0.143 0.080 0.037 0.004 
  Replicate    -0.218 0.076 -0.105 0.048 -0.026 0.057 
  Duplicate    -0.207 0.072 -0.125 0.060 -0.016 0.066 
  Average    -0.230 0.042 -0.118 0.034 -0.002 0.067 
Ibitira 
Eucrite 
(ungrouped) 
Fall 7.2 -0.242 0.70 -0.168 0.060 0.008 0.038 
  Duplicate    -0.269 0.079 -0.167 0.083 0.045 0.051 
  Duplicate    -0.252 0.076 -0.159 0.048 0.026 0.055 
  Average    -0.253 0.043 -0.163 0.034 0.026 0.037 
1
0
4
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Pasamonte 
Eucrite 
(ungrouped) 
Fall 6.5 -0.183 0.052 -0.130 0.027 0.060 0.067 
  Duplicate    -0.184 0.079 -0.121 0.083 0.040 0.001 
  Replicate    -0.183 0.072 -0.128 0.060 0.033 0.089 
  Average    -0.183 0.037 -0.129 0.024 0.044 0.028 
          
Goalpara Ureilite Find 36.5 -0.299 0.079 -0.124 0.083 -0.069 0.074 
  Duplicate    -0.273 0.076 -0.150 0.048 0.007 0.044 
  Duplicate    -0.286 0.077 -0.137 0.066 -0.040 0.033 
  Average    -0.285 0.045 -0.141 0.035 -0.024 0.075 
Novo-Urei Ureilite Fall 34.4 -0.236 0.060 -0.103 0.029 0.046 0.081 
  Duplicate    -0.209 0.081 -0.096 0.068 -0.034 0.097 
  Duplicate    -0.257 0.068 -0.146 0.063 0.016 0.000 
  Average    -0.237 0.039 -0.109 0.025 -0.022 0.066 
1
0
5
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Estherville Mesosiderite  Fall 18.8 -0.307 0.096 -0.133 0.085 -0.048 0.072 
Crab Orchard Mesosiderite  Find 13.8 -0.294 0.045 -0.163 0.053 0.011 0.042 
          
Mount Vernon 
Pallasites 
(MG
e
) 
Find 29.3 -0.303 0.096 -0.131 0.085 -0.048 0.052 
Brahin 
Pallasites 
(MG
e
) 
Find 25.8 -0.298 0.096 -0.165 0.085 0.022 0.044 
a
 2SD = 2 times the standard deviation of the population of n (n >20) repeat measurements of the standards during 
an analytical session. 
b
 Duplicate: Repeated measurement of Mg isotopic ratios on the same solution. 
c
 Average is weighted average calculated based on inverse-variance weighted model using Isoplot 3.75-4.15. 2SD 
for the average is twice the standard deviation errors propagated from the assigned errors. 
d
 Replicate: Repeat the main-Mg column chemistry from the same stock sample solution.  
e
 MG = Main group. 
f
 ST = Stannern Trend.  
 
 
1
0
6
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 Reference data: MetBase (version 7.1) and Juvinas, D‟Orbigny, Campo del Cielo, Sioux county, Ibitira, Landes, 
Estherville, Brahin and Acapulco (Mittlefehldt et al., 1998; Mittlefehldt, 2004); Johnstown, Bilanga and 
Tatahouine (Barrat et al., 2008); Crab Orchard (Edgerley and Rowe, 1979); Bishopville, B r ba, Pasamonte and 
Peña Blanca Spring (Urey and Craig, 1953); Novo-Urei (Ringwood, 1960). 
 
 
 
1
0
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1. Primitive achondrites 
 Primitive achondrites are divided into acapulcoite-lodranite, winonaite-IAB-iron 
silicate inclusion, and Zag (b) groups. Meteorite samples from acapulcoite-lodranite and 
winonaite-IAB-iron silicate groups are investigated in this study. 
 
a. Acapulcoite-Lodranite group 
 Acapulcoites and lodranites are meteorites with chondritic composition but achondritic 
texture. These meteorites include various abundances of olivine, orthopyroxene, diopside 
minerals as major Mg sources (McCoy et al., 1996; Mittlefehldt et al., 1996, 1998). Olivine 
and orthopyroxene are Mg-rich (McCoy et al., 1996; Mittlefehldt et al., 1996, 1998). Oxygen 
isotopic compositions of the acapulcoites and lodranites indicate a heterogeneous single parent 
body for these meteorites (Clayton and Mayeda, 1996). They are formed from chondritic 
material that went through extensive high-temperature metamorphism (e.g., McCoy et al., 
1997; Mittlefehldt et al., 1996). Acapulco from this group was analyzed in this study.  
 
b. Winonaite-IAB-iron silicate group 
 Winonaites have primitive chondritic compositions with metamorphic textures. They 
are composed of olivine, orthopyroxene, clinopyroxene, plagioclase, metal, troilite, chromite, 
apatite, daubreelite, schreibersite, alabandite, potassium feldspar, and graphite (e.g., Benedix et 
al., 1998; Mittlefehldt, 2004). The silicate inclusions in IAB iron meteorites are in the same 
group as winonaites, but with a more diverse mineralogy (e.g., Benedix et al., 2000; Bild, 
1977). Meteorites from winonaite-IAB-iron silicate group have the same chondritic parent 
body that has gone through the limited partial melting, mixing and metamorphism (Benedix et 
al., 1998; Bild, 1977). Benedix et al. (2000) suggested that the meteorites of this group were 
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formed by mixing of the near-surface silicate rocks with the metal from the parent body‟s 
interior during a catastrophic impact of the partially differentiated chondritic parent body. 
Campo del Cielo and Landes from IAB iron meteorites, and Winona, which is extremely 
weathered (Benedix et al., 1998) were analyzed in this study.  
 
2. Differentiated achondrites 
 Differentiated achondrites include angrites, aubrites, brachinites, howardite-eucrite-
diogenite clan (HED), mesosiderite silicates, ureilites, Itqiy, and Northwest Africa 011. 
Meteorites from five groups were analyzed here.  
 
a. Angrite group 
 Angrites and HEDs are the two groups with a large fraction of basaltic materials. 
Compare to HEDs, angrites are the crustal igneous rocks that have been less altered by post-
crystallization modification, recording the asteroidal igneous processes (Mittlefehldt et al., 
2002). This group contains fassaite (Al-Ti-diopside), Ca-rich olivine, kirschsteinite, and 
plagioclase as major minerals (e.g., Mittlefehldt and Lindstrom, 1990; Mittlefehldt et al., 
2002). Angrites have normative olivine and do not have orthopyroxene (Mittlefehldt et al., 
2002). They are formed under oxidizing conditions and extremely depleted in moderately 
volatile elements but enriched in incompatible lithophile elements like basalts (e.g., Brett et 
al., 1977; Mittlefehldt et al., 2002). These meteorites are believed to be related to CAIs 
because they have the textural, mineralogical and chemical similarities (e.g., Kurat et al., 
2004). D′orbigny is the unmetamorphosed vesicular rock that is analyzed in this study. 
D′orbigny includes Ca-rich olivine with the most magnesian and homogeneous core, and 
strongly zoned rim. It also contains Al-Ti-diopside-hedenbergite from clinopyroxene group. 
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D′orbigny, with the lowest Mg# (31.9) among angrites, is manly composed of anorthite, 
fassaite, Mg-rich olivine, and Ca, Fe-rich olivine, with minor amount of troilite, Ca 
silicophosphate, and spinel, mostly ulvöspinel (Mittlefehldt et al., 2002). 
 
b. Aubrite group 
 Aubrites are reduced achondrites that are breccias and depleted in a basaltic 
component. Their highly reduced nature, mineralogy and O isotopic composition are similar to 
enstatite chondrites. They contain mostly (~75-98 vol%) FeO-free enstatite, variable amount 
of albitic plagioclase, FeO-free diopside, and forsterite plus minor amounts of Si-bearing Fe, 
Ni metal and sulfides (e.g., Keil et al., 1989; Mittlefehldt, 2004). The earliest studies suggested 
aubrites as nebular materials, but recent studies indicate that they are igneous rocks with an 
origin of magmatic differentiation (Okada et al., 1988; Keil et al., 1989; Lodders et al., 1993). 
Peña Blanca Spring and Bishopville from this group are analyzed for Mg isotopes.  
 
c. Howardite-Eucrite-Diogenite group 
 Howardites, eucrites, and diogenites make the largest group of differentiated meteorites 
from the crust of asteroid 4 Vesta (McCord et al., 1970). The HED parent body has undergone 
through a large scale of melting and extensive differentiation, producing a crust including the 
outer ecuritic crust and the inner diogenitic crust, an ultramafic mantle, and a metallic core 
(e.g., Yamaguchi et al., 2009). The HEDs include mafic and ultramafic rocks, which are 
mostly breccias. Oxygen isotopic compositions of HEDs reveal small fractionation at igneous 
and metamorphic temperature (Clayton and Mayeda, 1996). Based on the chemical 
composition and the texture, eucrites are divided into two subgroups: basaltic and cumulate 
eucrites (Mittlefehldt et al., 1998). Basaltic eucrites are breccias that consist of pigeonite and 
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plagioclase with iron-rich pyroxenes. They cooled faster than cumulate eucrites that are 
coarse-grained gabbros, with pigeonite and plagioclase. On the basis of the major- and trace-
element compositions, basaltic eucrites are subdivided into Main Group (MG)-Nuevo Laredo 
(NL) Trend and Stannern Trend (ST) (e.g., Yamaguchi et al., 2009). The Mg#s of cumulate 
eucrites are between diogenites and basaltic eucrites. Diogenites are fragmental breccias 
contain >90% orthopyroxene with minor chromite and olivine. Orthopyroxene are more 
magnesian with the Mg# of 72-77 (Mittlefehldt et al., 2002). Howardites are polymict breccias 
including both monomict eucrites and monomict diogenites (Mittlefehldt et al., 1998). The 
HED meteorites investigated in this study include six eucrites and three diogenites (Table 4.1). 
Pasamonte has an oxygen isotopic composition different from other HEDs and may come from 
a Vesta-like asteroid parent- body (e.g., Scott et al., 2009). This meteorite, which is a polymict 
breccia with highly unequilibrated basaltic clasts, may record possible fluid-rock interactions 
on the parent-body (Schwartz and McCallum, 2005). Chemical and oxygen isotopic 
composition of a basaltic eucrite, Ibirita, also suggest a different parent body for this meteorite 
(e.g., Mittlefehldt, 2004; Wiechert et al., 2004). 
 
d. Mesosiderite silicate group 
 The silicates from mesosiderites consist of coarse- and fine-grained olivine, low-
calcium pyroxene including orthopyroxene and pigeonite, and calcic plagioclase (Mittlefehldt 
et al., 1998; Mittlefehldt, 2004). Based on the orthopyroxene content, mesosiderites are 
classified into three petrologic groups: i) class A that is basaltic and composed of 
clinopyroxene and plagioclase, ii) class B that is more ultramafic and consists of more 
orthopyroxene, and iii) class C that contains almost orthopyroxene (Hewins, 1984; 1988). 
Based on the silicate texture, they are also classified into four grades from lowest 
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metamorphic, grade 1, to the highest metamorphic, grade 4 (Floran, 1978). Although oxygen 
isotopic composition of mesosiderites and their silicate fractions are similar to the HED 
meteorites, their petrology and chemistry may suggest different parent bodies for these two 
groups. Mesosiderites are the mixture of crustal and core materials, reflecting their complex 
forming processes. Different hypotheses for the metal-silicate mixing are proposed and 
reviewed by several authors (e.g., Wasson and Rubin, 1985; Hassanzadeh et al., 1990; Haack 
et al., 1996). One plausible model proposed the impact of a naked molten core by a 
differentiated asteroid and the accretion of this core to the mesosiderites parent body at low 
velocity (Wasson and Rubin, 1985; Hassanzadeh et al., 1990). In another scenario, the 
differentiated mesosiderites parent body was disrupted by an impact and then re-accreted 
(Haack et al., 1996; Scott et al., 2001). Estherville and Crab orchard are the two mesosiderites 
analyzed in this study (Table 1). Estherville has shown textural grades of 3 and 4 and 
compositional class of A. Crab orchard is 1A.  
 
e. Ureilite group 
 Ureilites are the second largest groups of achondrite, which have characteristic of both 
primitive and differentiated achondrites. For example, the mineralogy and texture of ureilites 
are similar to ultramafic rocks, but their O isotopic composition, high trace siderophile 
abundances, and planetary type noble gases suggest an origin of the primitive materials for this 
group (Clayton and Mayeda, 1996; Mittlefehldt et al., 1998). They mainly contain olivine, 
pyroxene, and <10% interstitial material (Mittlefehldt et al., 1998). Oxygen isotopic 
compositions of ureilites are different from all other achondrite groups except acapulcoite-
lodranite, and they do not plot along the mass fractionation line for O isotopes. Their 
heterogeneous O isotopic composition also suggests the lack of extensive melting, mixing and 
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differentiation processes in their precursor material, which is related to the C3 carbonaceous 
chondrites (Clayton and Mayeda, 1988; Clayton 1993). Two plausible models of cumulate 
(Treiman and Berkley, 1994) and partial-melt residue (e.g., Goodrich, 1997) are suggested for 
the formation of ureilites. Goalpara and Novo-Urei are the ureilites analyzed in this study. 
 
3. Pallasites  
 Pallasites are stony iron meteorites and also originated from a differentiated asteroid. 
These meteorites contain equal amount of silicate enriched in olivine, and metal and troilite 
(Mittlefehldt et al., 1998). On the basis of the silicate mineralogy, metal composition, and O 
isotopic composition, pallasites are classified into i) main-group, ii) Eagle Station, and iii) 
pyroxene-pallasite. The main-group pallasites contain mainly olivine, with minor amount of 
chromite, low-Ca pyroxene and some phosphates. The Eagle Station pallasites are composed 
of ~70 to 80 vol% olivine and minor amount of clinopyroxene, orthopyroxene, and chromite. 
The olivines in this group are more ferroan than the main-group, with higher CaO and lower 
MnO contents. Meteorites from pyroxene-pallasite group contain ~55-63 vol% olivine, 30-43 
vol% metal, 1-3 vol% pyroxene, 1 vol% troilite, and minor amount of whitlockite (Boesenberg 
et al., 1995). The most plausible hypothesis for the pallasite origin is that they are from the 
core-mantle boundary of their parent bodies (e.g., Mittlefehldt et al., 1998). Composition of 
the metal phase of the main-group and Eagle Station are similar to IIIAB metal and IIF irons, 
respectively (Kracher et al., 1980; Scott, 1977). Oxygen isotopic compositions also suggest the 
same reservoir for the main-group pallasites and HEDs (Calyton and Mayeda, 1996). Hence, 
all the HEDs, IIIAB and pallasites may originate from a single parent asteroid (Mittlefehldt et 
al., 1998). Silicates from two pallasites are analyzed in this study. Both Brahin and Mount 
Vernon are main-group pallasites.  
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D. Analytical methods  
 Magnesium isotopic analyses were performed at the Isotope Laboratory of the 
University of Arkansas, Fayetteville. Procedures for sample dissolution, column chemistry, 
and instrumental analysis have been reported in more detail in previous studied (Teng et al., 
2007, 2010a, b; Yang et al., 2009; Li et al., 2010, 2011; Liu et al., 2010, 2011; Ling et al., 
2011; Huang et al., 2012; Wang et al., 2012) but briefly are described below. 
 Based on the Mg contents of samples, about 2-4 mg of well-mixed powdered sample 
was dissolved in order to obtain ~50 μg Mg for high precision isotopic analysis. Each sample 
was dissolved in a Savillex screw-top beaker in two steps in the mixtures of HF, HCl, and 
HNO3 at 160 
o
C (For more details see Teng et al., 2007, 2010a and Yang et al., 2009). 
Purification of Mg was achieved by cation exchange chromatography, using Bio-Rad 200-400 
mesh AG50W-X8 resin in 1 N HNO3 media following previously established procedures 
(Teng et al., 2007; 2010a; Yang et al., 2009). In order to obtain a pure Mg solution, each 
sample was processed through the column chemistry twice. Two reference samples were 
processed through the column chemistry with each batch of achondrites to evaluate the 
precision and accuracy of our data. 
Magnesium isotope measurements were carried out on a Nu Plasma MC-ICPMS in a 
low-resolution mode at the University of Arkansas, and analyzed by the standard bracketing 
method. Magnesium isotopes are reported in δ-notation relative to DMS3 in per mil, which is 
defined as δxMg = [(xMg/24Mg)sample/(
x
Mg/
24
Mg)DSM3-1]×1000, where x = 25 or 26 and DSM3 
is Mg solution made from pure Mg metal (Galy et al., 2003). The internal precision on the 
measured 
26
Mg/
24
Mg ratio, based on 4 repeat runs of the same sample solution during a single 
analytical session is <±0.09 ‰ (2SD, Tables 4.1 and 4.2). For replicate and duplicate analyses, 
weighted average is calculated based on inverse-variance weighted model using Isoplot 3.75-
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4.15. 2SD of the weighted average is twice the standard deviation errors propagated from the 
assigned errors (Tables 4.1 and 4.2).  
Full procedural replicate analyses of seawater, Allende and Murchison meteorites as 
reference materials yielded Mg isotopic compositions that agree with the previously published 
values (Table 4.2) (Teng et al., 2010; Ling et al., 2011). The non-mass-dependent anomaly 
(δ26Mg*) in achondrites was calculated by using a slope of 0.514 on a plot of φ25Mg vs. φ26Mg, 
as explained in Davis et al. (2005). δ26Mg* calculated values for all the meteorites are small 
(~0.000-0.068 ‰) and cannot be resolved at our current analytical precision. 
 
E. Results  
 Magnesium isotopic compositions of achondrites, pallasite meteorites and reference 
samples are reported in Tables 4.1 and 4.2. All samples analyzed in this study along with the 
bulk Earth and chondrites (Teng et al., 2010), seawater (Ling et al., 2011), and the Moon 
(Sedaghatpour et al., 2012) from the same laboratory fall on a single mass-dependent 
fractionation line with a best-fit slope of 0.509 (Fig. 4.2), which is consistent with previous 
studies (Young and Galy, 2004; Teng et al., 2010).  
δ26Mg values range from -0.267 ‰ to -0.222 ‰ in winonaite-IAB-iron silicate group, 
from -0.369 ‰ to -0.292 ‰ in aubrites, from -0.269 ‰ to -0.159 ‰ in HEDs, from -0.299 ‰ 
to -0.209 ‰ in ureilites, from -0.307 ‰ to -0.294 ‰ in mesosiderites, and from -0.303 ‰ to -
0.298 ‰ in pallasites (Table 4.1 and Fig. 4.3). δ26Mg values of acapulcoite-lodranite and 
angrite meteorites are -0.229 ‰ and -0.190 ‰, respectively (Table 4.1 and Fig. 4.3). Allende, 
Murchison, and seawater samples yielded weighted average δ26Mg values of -0.298 ± 0.032 ‰ 
(2SD, n = 5, Table 4.2), -0.347 ± 0.032 ‰ (2SD, n = 3, Table 4.2), and -0.861 ± 0.036 ‰ 
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(2SD, n = 4, Table 4.2), respectively, which are in agreement with the data reported by Teng et 
al. (2010a) and Ling et al. (2011).  
 
Table 4.2. Magnesium isotopic compositions of reference materials. 
Sample Type δ26Mg 2SDa δ25Mg 2SDa 
Allende  chondrite -0.320 0.063 -0.162 0.040 
  Duplicate
b
  -0.329 0.072 -0.192 0.060 
  Duplicate  -0.275 0.072 -0.141 0.060 
  Duplicate  -0.251 0.081 -0.162 0.068 
  Replicate
c
  -0.300 0.076 -0.162 0.048 
  Average
d
  -0.298 0.032 -0.163 0.023 
 
Murchison chondrite -0.335 0.063 -0.144 0.040 
  Duplicate  -0.370 0.070 -0.170 0.060 
  Duplicate  -0.340 0.050 -0.180 0.050 
  Average  -0.347 0.032 -0.161 0.028 
 
Seawater   -0.841 0.063 -0.458 0.050 
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  Replicate  -0.806 0.072 -0.403 0.060 
  Replicate  -0.873 0.096 -0.484 0.064 
  Duplicate  -0.914 0.063 -0.450 0.040 
Average  -0.861 0.036 -0.451 0.025 
a
 2SD = 2 times the standard deviation of the population of n (n >20) repeat measurements 
of the standards during an analytical session. 
b
 Duplicate: Repeated measurement of Mg isotopic ratios on the same solution. 
c
 Replicate: Repeat the main-Mg column chemistry from the same stock sample solution. 
d
 Average is weighted average calculated based on inverse-variance weighted model using 
Isoplot 3.75-4.15. 2SD for the average is twice the standard deviation errors propagated 
from the assigned errors.
 
 
 
 
 
 
 
 
 
 
 
 118 
 
 
 
 
 
 
 
 Figure 4.2. Magnesium three-isotope plot of all achondrites and pallasites analyzed in 
this study (Table 4.1), the Earth and chondrites (Teng et al., 2010), the Moon (Sedaghatpour et 
al., 2012), and seawater (Ling et al., 2011). The solid line represents a fraction line with a slop 
of 0.509. 
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Figure 4.3. Variation of δ26Mg versus Mg# of meteorites studied here. The solid line 
represents the average δ26Mg of -0.25 for the Earth (Teng et al., 2010). Reference data are 
listed in Table 4.1. 
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F. Discussion 
 In this section, we first discuss Mg isotopic variation among and within different types 
of achondrites and the behavior of Mg isotopes during magmatic differentiation of the parent 
bodies, then estimate the average Mg isotopic composition of achondrites and evaluate their 
chondritic origins and implications. 
 
1. Magnesium isotopic variation among different groups of achondrites 
 Origin, spatial distributions of achondrites, and their magmatic evolution are reflected 
in their isotopic compositions. For example, O isotopic variation within achondrites suggest 
different parent bodies for their different groups (e.g., Clayton and Mayeda, 1996; Mittlefehldt 
et al., 1998; Mittlefehldt, 2004). Iron isotopic study of HED meteorites indicates a chondritic 
iron isotope composition for this class of achondrites (Zhu et al., 2001; Poitrasson et al., 2004; 
Weyer et al., 2005; Wang et al., 2012). However, iron isotopic compositions of angrites are 
heavier than that of HEDs (Wang et al., 2012), reflecting isotopic fractionation by either 
volatilization during accretion or magmatic differentiation in the parent body. 
 All samples analyzed in this study fall on a straight line with a slope of 0.509 (Fig. 
4.2), consistent with mass-dependent isotope fractionation (Young and Galy, 2004; Teng et al., 
2010). Magnesium isotopic compositions of achondrites and pallasite meteorites (Table 4.1 
and 4.2) reveal small but measurable variations among Mg isotopic compositions of 
achondrites and their Mg#s (Fig. 4.2). The Mg isotopic variation among these meteorites could 
be possibly due to terrestrial weathering, volatilization during accretion of parent body or 
impact, and/ or magmatic differentiation of parent bodies.  
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a. Terrestrial weathering 
 Meteorites are classified into a) falls: the ones that are observed during their entering to 
the Earth atmosphere and collected after their falls, and b) finds: the ones found on the surface 
of the Earth. Meteorite finds that have been on the surface of the Earth for several to thousands 
of years can be subjected to weathering at low temperature. Metal and crystalline silicates are 
the least and the most resistant minerals to terrestrial weathering, respectively (e.g., Weiss et 
al., 2010). Therefore, meteorites are classified into seven groups based on the degrees of the 
alteration appeared in their polished sections, in which W0 is for the ones with no visible 
oxidation metal or sulfides and W6 is for the most altered meteorites with clay mineral and 
oxide replacing silicates (Krot et al., 2004). Previous studies of terrestrial samples reveal that 
Mg isotope can be fractionated during fluid-rock interactions and weathering processes at low 
temperature (e.g., Brenot et al. 2008; Shen et al., 2009; Li et al., 2010; Teng et al., 2010b). 
Hence, Mg isotopes can be fractionated in these meteorites, if they have gone under severe 
terrestrial weathering. However, the enrichment of heavy Mg isotopes in some achondrites 
during terrestrial weathering is unlikely because: a) all the meteorites from winonaite-IAB-iron 
silicate group including Winona are finds and weathered (e.g., Mason and Jarosewich, 1967) 
but have Mg isotopic compositions similar to those of falls achondrites (this study) and the 
Earth (Teng et al., 2010a), b) although D′Orbigny with heavier Mg isotopic composition 
(δ26Mg = -0.190 ± 0.035 ‰) is find meteorite, all the HEDs meteorite slightly enriched in 
heavy Mg isotopes (δ26Mg = -0.203 ± 0.033 ‰, 2SD, n = 7) are falls meteorites.  
 
b. Volatilization during planetary accretion or meteorite impact  
 Experimental and theoretical investigations, and studies of calcium-aluminum rich 
inclusions (CAIs) and chondrules reveal significant Mg isotopic fractionations at high 
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temperatures during condensation and evaporation processes (e.g., Clayton et al., 1988; Davis 
et al., 1990; Richter et al., 2002; 2007; Young et al., 2002). Hence, the evaporation of lighter 
Mg isotope during accretion processes or impact events may cause the heavier Mg isotopic 
compositions of D′Orbigny (angrite), and Juvinas, Pasamonte, and Sioux county (HED) 
meteorites. Nevertheless, δ26Mg of achondrites do not correlate significantly with Na/Al ratio 
as an index of moderately volatile element depletions (Fig. 4.4). Furthermore, if the 
enrichment of the heavy isotopes in these achondrites were caused by volatilization during 
impacts, Estherville (mesosiderite silicate) and Goalpara (ureilite) that are similarly depleted in 
moderately volatile elements should not have had the lightest Mg isotopic compositions 
among achondrites analyzed in this study (Fig. 4.4). All these observations rule out the 
possibility of Mg isotope fractionation in these meteorites by volatilization during planetary 
accretion and meteorite impacts. 
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 Figure 4.4. Variation of δ26Mg versus Na/Al, an index of moderately volatile element 
depletion of parent bodies in meteorites studied here. The solid line represents the average 
δ26Mg of -0.25 for the Earth (Teng et al., 2010a). Reference data are listed in Table 4.1. 
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c. Magmatic differentiation 
 Although a limited Mg equilibrium isotope fractionation observed in terrestrial basalts 
(a; Wiechert and Halliday, 2007; Handler et al., 2009; Yang et al. 2009; Chakrabarti and 
Jacobsen, 2010; Schiller et al., 2010; Liu et al., 2011; Pogge von Strandmann et al., 2011), a 
significant Mg isotopic variation is observed in lunar basalts, which mainly reflects the source 
heterogeneity produced during the lunar magmatic differentiation (Wiechert and Halliday, 
2007; Sedaghatpour et al., 2012). Hence, magnesium isotope fractionation can be expected in 
achondrites because the magmatic processes within achondrite parent bodies are also occurred 
under different conditions.  
 Isotopic studies of achondrites for some elements (e.g., O, Z, Fe) indicate isotopic 
heterogeneity in some groups of achondrites, which reflect rapid mixing of the interior 
sources, primary source heterogeneity and/or heterogeneities produced by magmatic 
differentiation of the parent bodies (e.g., Wiechert et al., 2004; Paniello et al., 2012; Wang et 
al., 2012). For example, a recent iron isotopic study of HEDs indicates a heavier Fe isotopic 
composition of Stannern-trend (ST) eucrites compared to the other types of eucrites and 
HEDs, which could result from magmatic differentiation of the parent body, asteroid 4 Vesta 
(Wang et al., 2012). In contrast to the heavy-Fe isotopic compositions of ST eucrites, Mg 
isotopic composition of Bouvante, which is a basaltic ST eucrite, is similar to those of MG 
eucrites (B r ba, Juvinas, and Sioux county) and ungrouped (Pasamonte and Ibitira), and 
diogenites (Bilanga, Johnstown, and Tatahouine) analyzed in this study. In addition, some 
eucrites have shown evidence of fluid-rock interactions and metasomatic events on 4 Vesta 
(e.g., Barrat et al., 2011). Mg isotopic studies of terrestrial samples display significant Mg 
isotope fractionation during the chemical weathering and formation of the secondary phases 
(e.g., Brenot et al., 2008, Tipper et al., 2010, 2012; Teng et al., 2010b, Haung et al., 2012). 
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Two eucrites among our samples, Sioux County; an equilibrated eucrite and Pasamonte; an un-
equilibrated eucrite, have secondary minerals which may have resulted from the pre-terrestrial 
fluid interactions. However, none of these samples reveals Mg isotope fractionation compared 
to the other eucrites. Mg isotopic compositions of the meteorites form aubrites (Peña Blanca 
Spring and Bishopville), ureilites (Goalpara and Novo-Urei), mesosiderite silicates (Esterville 
and Crab Orchard), winonaite-IAB-iron group (Campo del Cielo, Landes, and Winona) and 
pallasites (Mount Vernon and Brahin) also display no significant Mg isotope fractionation 
within each individual group, different from the one observed for other isotopes (Wiechert et 
al., 2004; Wang et al., 2012; Paniello, 2012).  
 In contrast to the homogeneity of Mg isotope in each individual group, there are small 
Mg isotopic variations between some groups, which may reflect mineralogical differences 
produced by magmatic differentiation within these groups. Petrology and mineralogy of 
angrites indicate significant abundance of clinopyroxene (Cpx) in these meteorites (e.g., 
Boesenberg et al., 1995; Mittlefehldt et al., 2002). By contrast, olivine (Ol) and orthopyroxene 
(Opx) have high abundances in aubrites and pallasites (e.g., Mittlefehldt, 2004). These mineral 
abundances are also reflected on CaO vs. MgO plot for achondrites (Fig. 4.1). Angrite and 
some HEDs are plotted in the area with higher CaO content, which may reflect more 
abundances of Cpx in these meteorites (Fig. 4.1). However, aubrites are plotted in the area 
with Ol and Opx chemical compositions.  
 Theoretical and experimental studies of terrestrial rocks and minerals have shown that 
clinopyroxene is slightly heavier than orthopyroxene and olivine in Mg isotopes (e.g., Young 
et al., 2009; Liu et al., 2011; Schauble, 2011). This slight enrichment of Cpx in δ26Mg 
compared to Ol and Opx is discussed in detail by Liu et al. (2011) and Schauble (2011). There 
is small but significant variation of Mg isotopic compositions of achondrites versus their 
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chemical compositions (Fig. 4.3 and 4.5). The higher Mg#s of achondrites reflect more 
abundance of olivine with slightly lighter Mg isotopic composition. This is in agreement with 
a negative trend between δ26Mg and Mg# in achondrites (Fig. 4.3). In addition, an increase of 
clinopyroxene with a slightly heavier Mg isotopic composition in achondrites must increase 
δ26Mg values. Since clinopyroxene is a mineral formed in more oxidizing condition, it can be 
more abundant in the meteorites such as angrites that are formed in extremely oxidizing 
condition (e.g., Foit et al., 1987; Abdu et al., 2009). Therefore, a positive trend between δ26Mg 
and FeO/MnO as an index of redox condition of the parent bodies is expected, which is the 
case here (Fig. 4.5). Overall, these chemical and isotopic data suggest that the small Mg 
isotopic variations between these achondrite groups are caused by different mineralogical 
sources of their parents bodies. Further work is needed to characterize Mg isotope 
fractionation between minerals in achondrites.  
 
2. Magnesium isotopic composition of achondrites and its implications 
 Here, we estimate the average Mg isotopic composition of achondrites using the MgO-
weighted average δ26Mg value of these samples, which is -0.260 ± 0.046 ‰ (2SD, n = 22). 
The average Mg isotopic composition of achondrite estimated here is between those reported 
by Wiechert and Halliday (2007) and Chakrabarti and Jcobsen (2010). Magnesium isotopic 
compositions of terrestrial and extraterrestrial samples reported by these two groups are also 
different from those in other studies (Teng et al., 2007, 2010a; Yang et al., 2009; Handler et 
al., 2009; Young et al., 2009; Bourdon et al., 2010; Schiller et al., 2010; Liu et al., 2010, 2011; 
Li et al., 2010, 2011; Pogge von Strandmann et al., 2011). Although, the cause of this 
discrepancy is not clear, the most complete database of achondtites in this study, and terrestrial 
and extraterrestrial samples from the same laboratory (Teng et al., 2010a; Sedaghatpour et al., 
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2012) allow us to compare Mg isotopic compositions of these materials without being affected 
by inter-laboratory bias.  
 
 
 
 
  
 Figure 4.5. Variation of δ26Mg versus FeO/MnO ratio in meteorites studied here. The 
solid line represents the average δ26Mg of -0.25 for the Earth (Teng et al., 2010a). Reference 
data are listed in Table 4.1. 
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The MgO-weighted average isotopic composition of achondrites (δ26Mg = 0.260 ± 
0.046 ‰, 2SD, n = 22) estimated here is indistinguishable from those of the Earth (δ26Mg = -
0.25 ± 0.07 ‰; 2SD, n = 139), chondrites (δ26Mg = -0.28 ± 0.06 ‰; 2SD, n = 38), and the 
Moon (δ26Mg = -0.259 ± 0.162 ‰) measured in the same laboratory (Teng et al., 2010; 
Sedaghatpour et al., 2012). This result agrees well with the homogeneous chondritic Mg 
isotope composition of inner solar system concluded by Chakrabarti and Jacobsen (2010). 
Furthermore, primitive achondrites that have not undergone the well-mixing processes are 
goodrecords of the early isotopic and chemical heterogeneity in the solar system. These 
meteorites also have similar Mg isotopic compositions to the differentiated achondrites and the 
MgO-weighted average isotopic composition of achondrites. Hence, the chondritic Mg 
isotopic composition of achondrites studied here along with the chondritic Mg isotopic 
compositions of the Earth and the Moon (Teng et al., 2010a; Sedaghatpour et al., 2012) further 
support the homogeneity of Mg stable isotopes in the early solar system. This homogeneity 
rules out the possibility of physical separation and sorting processes of isotopically 
differentiated chondrules and CAIs in the planetary accretion disk processes.  
 Magnesium isotopic composition of the Earth is mainly reported based on the upper 
mantle (e.g., Teng et al., 2007, 2010a; Yang et al., 2009; Handler et al., 2009; Bourdon et al., 
2010; Pogge von Strandmann et al., 2011). However, there is still some uncertainty on the 
Earth‟s bulk composition because of the unknown composition of the lower mantle (Righter 
and O'Brien, 2011). Pallasites that are from the mantle-core boundary of a planetary object can 
provide insights into lower mantle composition of the planetary body. These meteorites have 
similar Mg isotopic composition to those of the Earth (resulted from the upper mantle) and 
chondrites. This similarity may indicate the similar Mg isotopic composition of the deeper 
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interior portions of the Earth and the upper mantle, and further support the lack of Mg isotope 
fractionation during the terrestrial planetary accretion.  
 
G. Conclusion  
 The most comprehensive high precision Mg isotopic data are reported for achondrites 
including meteorites from 7 different groups and pallasites. The main conclusions are 
1. The δ26Mg values vary from -0.267 ‰ to -0.222 ‰ in winonaite-IAB-iron silicate group, 
from -0.369 ‰ to -0.292 ‰ in aubrites, from -0.269 ‰ to -0.159 ‰ in HEDs, from -0.299 
‰ to -0.209 ‰ in ureilites, from -0.307 ‰ to -0.294 ‰ in mesosiderites, and from -0.303 
‰ to -0.298 ‰ in pallasites. 
2. There is a significant Mg isotopic variation among achondrite groups. Chemical and 
isotopic data indicate that this variation is not caused by weathering at low temperature or 
volatilization during the accretion processes and impact events.  
3.  The isotopic and chemical compositions of achondrites suggest that Mg isotopic variations 
among chondrites are likely caused by mineralogical differences produced during the 
magmatic differentiation of the parent bodies at different conditions.  
4. δ26Mg values range from -0.318 ‰ to -0.183 ‰ in achondrites with the average δ26Mg 
value of -0.260 ± 0.046 ‰, which is identical to those of chondrites (δ26Mg = -0.28 ± 0.06 
‰), the Earth (δ26Mg = -0.25 ± 0.07 ‰), and the Moon (δ26Mg = -0.259 ± 0.162 ‰) (Teng 
et al., 2010a; Sedaghatpour et al., 2012). 
5. The identical chondritic Mg isotopic compositions of achondrites, the Earth, and the Moon 
suggest homogeneous Mg isotopic distribution in the solar system and the lack of Mg 
isotope fractionation during accretion disk processes. 
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V. CONCLUSION 
 Over the past ten years, our understanding of Mg isotopic compositions of the Earth 
and chondrites has improved dramatically due to the advent of multi-collector, inductively 
coupled plasma mass spectrometer (MC-ICPMS). Although there have been an agreement on 
the similar Mg isotopic compositions of the Earth and chondrites, little has been known about 
the Mg isotopic compositions of the Moon and achondrites. The purpose of this dissertation is 
to study the Mg isotopic composition of the Moon and achondrites, to investigate the 
magnitude of Mg isotope fractionation during the magmatic differentiation under different 
conditions, and to evaluate the extent of Mg isotopic heterogeneity in the solar system. The 
main conclusions of this dissertation are: 
1. High-precision Mg isotopic data with uncertainty ≤0.09 ‰ indicate the similar Mg isotopic 
compositions among mare and highland regolith samples, mare breccias, and highland 
melts. These samples are produced by surface processes such as solar wind, cosmic rays, 
micrometeorite bombardments, meteorite impacts, etc., and they represent different 
degrees of space weathering. Hence, their homogeneous Mg isotopic compositions suggest 
the lack of Mg isotope fractionation during these surface processes. 
2. The average δ26Mg value of high-Ti basalts is lighter than low-Ti basalts. The Mg isotopic 
variations between low- and high-Ti basalts most likely reflect Mg isotope fractionation 
during lunar magmatic differentiation, producing different cumulate sources for these 
basalts. The chemical and mineralogical data for low- and high-Ti basalts together with 
their Mg isotopic compositions suggest that ilmenite with light Mg isotopic composition 
and high abundance in high-Ti basalts lead to the lighter Mg isotopic composition of high-
Ti basalts.  
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3.  Using the lunar highland impact-melt rocks and regolith samples, we have estimated the 
MgO-weighted average δ26Mg value of the lunar crust, which is -0.243 ± 0.065 ‰. On the 
basis of the estimated proportions of low- and high-Ti basalts and their average δ26Mg 
values, the weighted average value of the lunar mantle is also estimated to be -0.261 ± 
0.149 ‰. Magnesium isotopic composition of the bulk Moon is estimated by combining 
the average δ26Mg values of lunar crust and mantle based on their weight percentages in 
the Moon. This weighted average is estimated to be -0.259 ± 0.162 ‰ for δ26Mg and -
0.128 ± 0.071 ‰ for δ25Mg. 
4. High-precision Mg isotopic data with uncertainty ≤0.09 ‰ indicate the similar Mg isotopic 
compositions within individual groups of achondrites with different parent bodies. 
However, measurable Mg isotopic variation occurs among all different types of 
achondrites, with δ26Mg ranging from -0.318 ‰ to -0.183 ‰. 
5. The similar Mg isotopic composition between some finds (unweathered) and falls 
(weathered) achondrites indicates that enrichment of heavy Mg isotopes in some 
achondrites during terrestrial weathering is unlikely.  
6. Although Mg isotopes can be fractionated during the evaporation processes, δ26Mg of 
achondrites do not correlate significantly with Na/Al ratio as an index of moderately 
volatile element depletion of the parent bodies. Therefore, Mg isotopic variations in these 
meteorites were not produced by volatilization during planetary accretion and meteorite 
impacts. 
7. Magnesium isotopic variations among achondrites are likely caused by mineralogical 
differences produced during magmatic differentiation of the parent bodies under different 
conditions. The isotopic and chemical compositions of achondrites suggest that the slightly 
heavy Mg isotopic compositions of some achondrites are likely resulted from higher 
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abundance of clinopyroxene with slightly heavy Mg isotopic composition relative to 
orthopyroxene and olivine.  
8. The Mg isotopic compositions of the Moon (δ26Mg = -0.259 ± 0.162 ‰) and achondrites 
(δ26Mg = -0.260 ± 0.046 ‰) estimated here are indistinguishable from those of the Earth 
(δ26Mg = -0.25 ± 0.07 ‰) and chondrites (δ26Mg = -0.28 ± 0.06 ‰). The identical Mg 
isotopic compositions for these differentiated planetary bodies and chondrites suggest the 
homogeneity of Mg isotopes in the solar system. 
9. In contrast to Fe and Zn, Magnesium with volatility similar to Fe and lower than Zn has a 
homogeneous isotopic distribution in the inner solar system. This homogeneity implies the 
lack of Mg isotope fractionation by physical separation and sorting of the chondrules and 
CAIs in planetary accretion disk processes. In addition it suggests the negligible Mg 
isotope fractionation by volatilization during the impact events such as the Moon-forming 
giant impact. 
